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Children diagnosed with acute lymphoblastic leukemia (ALL) have nowadays a favorable prognosis, 
with around 80% achieving long term survival. However, around 20% of patients suffer relapse, leading 
to a dismal prognosis. One of the leading causes of relapse in ALL is the development of drug resistance 
through the dysregulation of cell death mechanisms. Impaired apoptosis is frequent in cancer and leads 
to a decreased response to standard chemotherapies. We and others hypothesized that inducing 
alternative cell death mechanisms such as necroptosis could prevent or circumvent drug resistance in 
such malignancies. Indeed, we identified the SMAC (second mitochondria derived activator of 
caspases) mimetic (SM) birinapant as a potent inducer of apoptosis and necroptosis in a subset of 
resistant and high risk ALL patient-derived samples. Responsive samples could be selected according 
to their expression of TNFR2 (tumor necrosis factor receptor 2), which is required for SM response. 
Furthermore, we identified a novel role of TNFR2 in the regulation of TNFR1- and RIP1-dependent 
cell death in leukemia. 
RIP1 is a central regulator of cell survival and cell death by both apoptosis and necroptosis. To assess 
whether inducing RIP1-dependent cell death could circumvent resistance, we screened a panel of B- 
and T-ALL patient-derived samples for their response to the SM birinapant and identified a subset of 
B-ALL cases which showed exquisite sensitivity. By combining the lentiCRISPR gene editing 
technology with in vivo drug selection we determined that SM induce RIP1-dependent apoptosis and 
necroptosis simultaneously, challenging the common concept that necroptosis is only activated in the 
context of apoptosis inhibition. Finally, we show that inactivation of RIP1 in ALL does not confer 
resistance to commonly used chemotherapeutic agents, suggesting that RIP1 targeting agents will 
provide therapeutic options that have not been exploited for this disease so far.  
The identification of molecular markers to preselect patients with a high likelihood to respond to novel 
targeted therapies such as SM is required in order to translate their use to clinical practice. TNFR2 
scored among the best correlating genes associated with SM response by gene expression profiling, and 
its expression predicted the response to SM in an independent cohort. We discovered that TNFR2 
promotes TNFR1- and RIP1-dependent cell death. Consequently, CRISPR-mediated TNFR1 and 
TNFR2 knockout patient-derived cells were resistant to birinapant. In absence of TNFR2, RIP1 is not 
recruited to TNFR1 upon treatment with SM, indicating that TNFR2 is an essential upstream regulator 
of RIP1-mediated cell death.  
Overall, our work highlights the importance of developing RIP1-targeting strategies to induce 
necroptosis and circumvent drug resistance in ALL, and identifies SM as promising agents for the 
treatment of specific subsets of ALL patients. Finally, the unexpected function of TNFR2 in this context 




Kinder mit akuter lymphatischer Leukämie (ALL) haben heutzutage eine Langzeitüberlebensrate von 
80% und damit eine gute Prognose. Etwa 20% der Kinder erleiden jedoch ein Rezidiv, welches meist 
mit einer ungünstigen Prognose einhergeht. Einer der Gründe für ein ALL-Rezidiv ist die 
Resistenzentwicklung gegen Chemotherapeutika durch die Dysregulation von Zelltodmechanismen. 
Beeinträchtigungen der Apoptose sind in verschiedensten Krebsentitäten zu finden und führen zu einer 
verringerten Reaktion auf Standardchemotherapeutika. Es wird angenommen, dass die Induktion 
alternativer Zelltodmechanismen, wie der Nekroptose, Resistenzen verhindern oder umgehen könnte. 
Tatsächlich konnten wir Birinapant, ein SMAC-mimetic (SM, second mitochondria derived activator of 
caspases), als potenten Aktivator von Apoptose und Nekroptose in einer Kohorte von resistenten und 
hochrisiko-klassifizierten ALL-Patientenproben identifizieren.  
RIP1 ist ein zentraler Regulator von Apoptose, Nekroptose und Zellüberleben. Zum Beweis, dass 
Resistenzen durch die Induktion von RIP1-abhängigem Zelltod umgangen werden können, haben wir 
eine Kohorte von B- und T-ALL Patientenproben auf ihre Birinapant-Sensitivität getestet. Wir konnten 
dabei eine Subgruppe von B-ALL Fällen identifizieren, welche eine hohe Sensitivität zeigten. Durch 
die Kombination von Gen-Knockouts mittels CRISPR-Technologie und einer in vivo Selektion durch 
Birinapant konnten wir zeigen, dass SMAC-mimetics RIP1-abhängige Apoptose und Nekroptose 
simultan induzieren. Diese Beobachtung steht im Gegensatz zu der allgemeinen Annahme, dass 
Nekroptose ausschliesslich in Apoptose-inhibierten Zellen auftreten kann. Des Weiteren konnten wir 
zeigen, dass die Inaktivierung von RIP1 in ALL nicht direkt zur Resistenz gegen klassische 
Chemotherapeutika führt, wodurch RIP1 potentielle therapeutische Optionen bietet, welche bisher noch 
nicht für ALL validiert wurden.  
Die Identifikation von molekularen Markern zur Selektion von Patienten, die mit einer hohen 
Wahrscheinlichkeit auf neue Therapien wie SM reagieren, ist wichtig um ihre Effektivität in der Klinik 
vorherzusagen. Von den hier untersuchten Genen zeigte TNFR2 (tumor necrosis factor receptor 2) die 
höchste Korrelation mit der SM-Sensitivität. TNFR2 ist für die SM-Reaktion erforderlich und wir 
konnten dessen Expression zur Selektion von Birinapant-sensitiven Proben in einer unabhängigen 
Kohorte nutzen. Des Weiteren konnten wir zeigen, dass TNFR2 den TNFR1- und RIP1-abhängigen 
Zelltod aktivieren kann und das TNFR1- und TNFR2-Knockouts zu einer Birinapant-Resistenz in 
Patientenproben führen. In Abwesenheit von TNFR2 ist die SM-abhängige RIP1 Rekrutierung durch 
TNFR1 inhibiert, was darauf hinweist, dass TNFR2 ein essentieller Regulator des RIP1-vermittelten 
Zelltodes ist.  
Zusammengefasst beweist unsere Arbeit, wie wichtig die Entwicklung von RIP1-spezifischen 
Strategien zur Induktion von Nekroptose ist, welche die Umgehung von Resistenzen in ALL 
ermöglichen können. Wir konnten zeigen, dass SM vielversprechendee Wirkstoffe für einen 
spezifischen Subtyp der ALL sind. Schlussendlich ermöglicht auch die unerwartete Rolle von TNFR2 
in diesem Kontext neue Ansätze zur Erforschung dieses wichtigen Zelltod-Signalweges.  
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1.1 Acute lymphoblastic leukemia 
Acute lymphoblastic leukemia (ALL) is a subtype of leukemia characterized by an overproliferation of 
immature white blood cells (lymphoblasts) of B, T, or mixed lineage origin. Patients with ALL present 
symptoms of decreased hematopoiesis in the bone marrow, including anemia (fatigue and paleness), 
thrombocytopenia (bleeding), and neutropenia (infections)1. ALL is the most common malignancy in 
children, with an incidence of 46.7 new cases per million children under 15 years of age per year in 
Europe according to the World Health Organization2, and represents almost 30% of all pediatric 
cancers. It affects mostly children between the ages of 3 and 5 and it is one of the leading causes for 
disease mortality in childhood. However, nowadays an exceptional overall survival of 90% has been 
achieved1 (Figure 1A).  
Leukemogenesis follows the “two-hit” hypothesis, according to which two or more molecular changes 
leading to increased proliferation and arrested maturation are required to induce the malignant 
phenotype. This has been confirmed by the observations that the chromosomal translocations associated 
with leukemia are often not sufficient to cause the disease, and that some of the characteristic leukemic 
translocations are also found in a small percentage of healthy children. Additionally, some 
translocations like the one encoding for the fusion protein ETV6-RUNX1 can already be present during 
the fetal period, indicating the presence of a pre-leukemic cell3.  
ALL is a genetically heterogeneous polyclonal disease, characterized by the presence of chromosomal 
translocations, gains or losses of whole chromosomes, and other genetic aberrations such as small 
insertions/deletions or single nucleotide variants. The translocations and rearrangements are often 
considered the leukemia initiating events and often involve hematopoietic transcription factors or 
activated oncogenes. The most common genetic aberrations in precursor B-ALL include the 
translocations ETV6-RUNX1, TCF3-PBX1, and BCR-ABL, hyperdiploidy, hypodiploidy, and 
rearrangements of MLL (especially frequent in infant ALL), CRLF2 or IGH. Frequent alterations in T-
ALL include rearrangements of the T cell receptor with transcription factors. Besides these initiating 
events, additional alterations are found in genes involved in lymphoid development and maturation, 
tumor suppression, cell cycle control, or therapy resistance. Those include genes like PAX5, IKZF1, 
EBF1, or CDKN2A. Single nucleotide polymorphisms (SNPs) are also identified affecting genes from 
key signaling pathways, such as activating mutations in the Ras pathway, the p53 tumor suppression 
pathway, and cytokine receptor signaling1,4. 
Determining the immunophenotype and the presence of specific alterations is important for the 
diagnosis and is critical for risk stratification. Additionally, the quantification of minimal residual 
disease (MRD) after induction therapy by PCR or flow cytometry is also essential for risk stratification. 
An MRD of less than 0.01% at day 33 after the start of induction therapy indicates low risk of relapse, 
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while an MRD equal or higher that 0.01% leads to a 3-5 fold increase of treatment failure1,5. The 
standard treatment protocol consists of three phases: induction (4-6 weeks), intensification (6-8 
months), and maintenance (18-30 months), with the induction phase being the same for all patients and 
the following phases adapted to the risk stratification. Glucocorticoids, vincristine, and L-asparaginase 
are used during induction therapy, methotrexate is used during the intensification and during 
maintenance, in the latter in combination with mercaptopurine or thioguanine. Tailoring the therapy to 
the risk and characteristics of each patient has contributed greatly to achieving the current 90% survival 
rate. Furthermore, the increased knowledge of the leading genetic lesions in ALL will allow the 
development of novel targeted therapies. This has been successfully demonstrated in the case of tyrosine 
kinase inhibitors (imatinib, dasatinib) targeting the fusion protein BCR/ABL, which have dramatically 
improved the prognosis of patients with this subtype of leukemia1.  
Despite the high survival rates, 15 to 20% of ALL patients suffer relapse, which is accompanied by a 
poor prognosis and dismal outcome (Figure 1B)6. The genetic features of relapse can often be traced 
back to minor subclones present at diagnostic, indicating a clonal ancestry of the relapsed disease from 
the original ALL at diagnosis3. Only in very rare cases of T-ALL the relapse is considered a new disease. 
The majority of relapse patients maintain the initial chromosomal aberrations and acquire new 
alterations. The most common mutations acquired at relapse involve CREBP, an important mediator of 
the transcriptional response to glucocorticoids, KRAS, or NT5C2, an enzyme implicated in the 
metabolism of mercaptopurine and thioguanine1,7,8. Many alterations leading to resistance to apoptosis 
are also involved in drug resistance, therapy failure, and relapse9,10, and are further described in section 
1.2.3. 
 
Figure 1. A Overall survival among children with ALL from 1968 to 20091. B Overall survival (blue) and event-free survival 
(yellow) among children with first relapse ALL6. 
The genetic and biologic complexity of ALL requires clinically relevant models for the development of 
new approaches, which are needed in particular for relapsed ALL cases. Many syngeneic mouse models 
of ALL have been engineered based on the introduction of the characteristic translocation or 
rearrangement in immunocompetent mice11–13. This approach allows studying the interactions with the 
microenvironment and the behavior of the leukemia in an immunocompetent host. They present 
3 
 
however important disadvantages. The introduction of chromosomal translocations as leukemia 
initiating event is only exceptionally sufficient to induce leukemia, and the additional alterations 
introduced to induce ALL in transgenic mice often don’t represent those present in patients. 
Additionally, the introduction of the common ALL chromosomal aberrations in murine cells often leads 
to the generation of acute myeloid leukemia (AML) or other hematologic malignancies different from 
the intended subtype of ALL. Thus, the models are limited and can’t represent the diversity of ALL11. 
Most of the downsides of using syngeneic mouse models for the study of ALL are avoided with the use 
of xenogeneic models in immunocompromised mice. NSG (NOD-SCID-gamma) mice, which present 
a defective innate and adaptive immune system, can be engrafted with patient-derived ALL cells, which 
expand while maintaining the original transcriptome, phenotype, and clonal composition of the original 
disease14,15. As part of the AEIOP-BFM-ALL and the IntReALL study groups for de novo and relapsed 
ALL respectively, our research group has established a xenograft bank of around 200 clinically relevant 
cases. Those include standard risk samples as well as high risk subgroups including TCF3-HLF, MLL-
AF4 and other cases with unknown genetic traits14,15. Xenografting patient-derived cells allows studying 
ALL without losing the complexity of the disease, and represents a good platform for clinically relevant 
in vivo drug testing. The biggest drawback of the xenograft model is the lack of a functional host 
immune system, preventing the study of its role in leukemia development and the testing of 
immunotherapeutic approaches11,14.     
1.2  Programmed cell death in cancer 
Failure to activate cell death mechanisms is one of the main reasons for the appearance of drug 
resistance and relapse. Programmed cell death includes all cell death modalities which are regulated at 
the molecular level, and can thus be prevented by specific inhibitor compounds or genetic deletions. It 
encompasses anoikis, entosis, parthanatos, pyroptosis, autophagic cell death, apoptosis, and necroptosis 
among others (Figure 2). Furthermore, cell death can also occur in an unregulated manner, as in the 
case of necrosis. The study of cell death in ALL can contribute to understanding the mechanisms of 







Figure 2. Electron microscopy images of apoptosis 




1.2.1 Apoptosis is the best characterized form of programmed cell death 
The term apoptosis, “falling off” in ancient Greek, was first introduced in 1972 to define a programed 
mechanism of cell turnover occurring during embryonic development as well as in healthy adult 
tissues16. Since then it has been thoroughly studied and it is nowadays the best described mode of cell 
death. Examples of physiological roles of apoptosis during embryonic development include the removal 
of excessive neurons which fail to connect to muscular cells, or the removal of interdigital cells. It is 
also involved in the maturation of immune cells, by leading to the death of T cells which recognize self-
antigens. Many pathologies are linked to defective apoptosis, such as Huntington’s disease, Alzheimer, 
myocardial infarction, or autoimmune diseases17.  
Apoptotic cells present a characteristic morphology of decreased cellular volume, nuclear 
fragmentation, chromatin condensation, permeabilization of the outer mitochondrial membrane 
(MOMP), and membrane blebbing. Apoptotic cells are rapidly cleared by macrophages in the absence 
of major inflammatory reactions18. Mechanistically, apoptosis can be classified as intrinsic or extrinsic 
depending on the molecular pathway mediating it.  
Intrinsic apoptosis is induced by various intracellular stress signals such as DNA damage, 
excitotoxicity, oxidative stress, or ER (endoplasmic reticulum) stress, which eventually converge upon 
BCL-2 (B cell lymphoma-2) family members 19. The balance between the pro- and anti-apoptotic BCL-
2 factors determines the integrity of the outer mitochondrial membrane (OMM) and the fate of the cell.  
Anti-apoptotic BCL-2 family members are present in the OMM and are responsible for directly 
inhibiting the pro-apoptotic members. They include BCL-2, BCL-xL (BCL-2 related gene long 
isoform), BCL-w, and MCL-1 (myeloid cell leukemia 1). Anti-apoptotic BCL-2 proteins are considered 
oncogenes and their dysregulation plays a key role in cancer development (see section 1.2.2). The pro-
apoptotic members can be further distinguished between effectors, BH3-only “sensitizers”, and BH3-
only “direct activators”. The first group (BCL-2 family effectors) includes BAX (BCL-2 associated x 
protein) and BAK (BCL-2 antagonist killer 1), which oligomerize in the OMM and directly induce its 
permeabilization. The protein BOK is a potential member of this subgroup, although its activity is not 
yet fully characterized. On the other hand, BH3-only “sensitizers” are proteins with a specific binding 
profile to the anti-apoptotic proteins, and they don’t directly cause apoptosis but lower the threshold for 
its induction. BH-3 only “sensitizers” include BAD (BCL-2 antagonist of cell death), Noxa, and BIK 
(BCL-2 interacting killer). BH3-only “direct activators” also bind to the anti-apoptotic factors, but 
additionally they can directly induce BAX-BAK oligomerization. This subgroup includes BID (BCL-2 





Anti-apoptotic BCL-2 family proteins A1, BCL-2, BCL-w, BCL-xL, MCL-1 
BCL-2 family effector proteins BAK and BAX 
BH3-only “direct activators” BID and BIM 
BH3-only “sensitizers” BAD, BIK, BMF, HRK, Noxa, PUMA 
Table 1. Classification of BCL-2 family proteins according to their function. Adapted from 21. 
The destabilization of the BCL-2 family balance and the activation of BAX or BAK lead to MOMP and 
to the release to the cytosol of toxic proteins from the mitochondrial intermembrane spaces, including 
cytochrome C, AIF (apoptosis inducing factor), ENDOG (endonuclease G), and SMAC (Second 
mitochondrial-derived activator of caspases). Subsequently, cytochrome C and APAF-1 (apoptotic 
protease activating factor-1) form a complex (apoptosome) which binds and activates caspase-9. 
Caspase-9 activates then the effector caspases-3 and -7, which are responsible for the final execution of 
apoptosis. MOMP represents a point of no return in the induction of apoptosis, and it is therefore highly 
regulated (Figure 3)19–22.  
Extrinsic apoptosis is initiated by the 
binding of extracellular ligands to their 
corresponding death receptors, such as 
FasL to Fas, TNFα (tumor necrosis factor 
α) to TNFR1 (TNF receptor 1), or TRAIL 
(TNF-related apoptosis inducing ligand) to 
TRAILR (TRAIL receptor) -1 and -2. The 
activation of the receptor leads in turn to 
its internalization and the recruitment of an 
intracellular complex termed DISC (death 
inducing signaling complex). This 
assembly is mediated by the presence of a 
specific domain present both in all death 
receptors and in the intracellular adaptor 
proteins, termed death domain (DD). One 
of the proteins recruited to the DISC is 
pro-caspase-8, which can be activated and 
subsequently cleave and activate caspases 
-3 and -7 (Figure 3). In certain cell types this is sufficient to induce cell death, independently of the 
mitochondria. In other cell types caspase-8 can cleave BID, leading to the formation of a truncated 
protein (tBID) which can directly cause MOMP. This represents a point of crosstalk between the 
Figure 3. Overview of the intrinsic and extrinsic apoptosis pathways20. 
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intrinsic and the extrinsic apoptosis pathways 19,22. The regulation of death receptor signaling and the 
specific characteristics of each receptor are described in detail in section 1.3. 
1.2.2 Apoptosis in cancer 
The activation of apoptosis is a key mechanism in tumor suppression, and is therefore considered one 
of the hallmarks of cancer. BCL-2 family pro-apoptotic proteins are needed to induce cell death in 
response to hyperactive oncogenes such as MYC, or to DNA damage sensors like p53 and other key 
checkpoint proteins. A dysregulation of intrinsic apoptosis can therefore promote the survival of 
malignant cells. For instance, increased expression of BCL-2 is found to synergize with MYC 
amplifications in a subset of large B cell lymphomas, which have a worse prognosis in the presence of 
MYC and BCL2 concurrent translocations.  Furthermore, mutations in the pro-apoptotic effectors BAX 
and BAK can also confer survival advantage, and have been detected in some human carcinomas. Thus, 
dysregulation of the intrinsic apoptosis plays a key role in oncogenesis23–27. 
1.2.3 Apoptosis in cancer therapy 
Evasion of apoptosis is not only involved in oncogenesis, but it also has a major role in drug resistance 
and therapy failure. Most chemotherapeutic drugs, as well as radiotherapy and novel targeted therapies 
induce apoptosis in cancer cells. Indeed the apoptotic threshold can be used in some cases to predict the 
response of tumors to chemotherapy28–30. The apoptotic threshold or apoptosis priming can be 
determined through BH3 profiling, a method that measures the concentration of a BH3 synthetic peptide 
necessary to induce MOMP in single cells in vitro31. 
The inability of cancer cells to undergo apoptosis in response to therapy represents a crucial clinical 
challenge for the treatment of most malignancies, including ALL9,10. The frontline agents used for the 
treatment of ALL (e.g. dexamethasone, vincristine, and L-asparaginase) rely on the induction of 
apoptosis to eliminate cancer cells, and therefore defects in the apoptotic response can confer resistance 
to such compounds. Dexamethasone and other glucocorticoid drugs activate apoptosis by affecting the 
expression of pro- and anti-apoptotic proteins hence disrupting their balance32,33. Decreased induction 
of the pro-apoptotic BIM and upregulation of the anti-apoptotic proteins BCL-2 and MCL-1 have been 
implicated in the clinical resistance to glucocorticoids9,33,34. Vincristine is a microtubule destabilizing 
drug that induces G2M arrest35. Moreover, it has been shown to induce apoptosis independently of the 
mitotic arrest through the production of ROS and activation of caspases-9 and -335–38. Although not 
completely characterized, vincristine resistance has been linked to increased anti-apoptotic BCL-2 
family members as well as dysregulation of the extrinsic apoptosis pathway9,39. L-asparaginase depletes 
L-asparagine and glutamine, aminoacids essential for the growth of tumor cells, leading to cell cycle 
arrest and apoptosis. Resistance to L-asparaginase correlates with decreased caspase-3 activation10 and 
dysregulation of the pro-apoptotic proteins BCL2L13 and HRK (activator of apoptosis, harakiri) as well 
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as TNFα9, and has also been linked to the activation of compensatory cytoprotective autophagy40. 
Furthermore, the targeted BCR/ABL inhibitor imatinib induces cell death through BCL-2 regulated 
apoptosis. Resistance can be acquired by loss of BIM and BAD, and increased BCL-2 expression41.  
Besides dysregulation of the intrinsic apoptosis cascade, the initial steps of extrinsic apoptosis have also 
been found to be defective in certain tumor types.  For instance, loss of death receptors is reported in a 
substantial proportion of lymphoma and leukemia cell lines10,42. The inhibitor of apoptosis proteins 
(IAPs) cIAP1, cIAP2, and XIAP, which control the activation of caspases and receptor interacting 
protein 1 (RIP1)-mediated death signaling, have been found to be overexpressed in many cancers 
including leukemia43–45. Other mechanisms involved in apoptosis resistance include induction of 
cytoprotective autophagy, the stabilization of anti-apoptotic factors by HSP90, or upregulation of the 
proteasome activity46. 
1.2.4 Targeting resistance to apoptosis 
Since dysregulation of BCL-2 family proteins plays such a key part in therapy resistance, small 
molecule compounds that can mimic the pro-apoptotic BH3-only proteins and target one or more anti-
apoptotic proteins have been developed. The BH3 mimetics ABT-737 and ABT-263 target BCL-2, 
BCL-xL, and BCL-w, and show potent activity against various tumor types. However, their clinical use 
is limited by the induction of strong thrombocytopenia. This problem is avoided by ABT-199, a highly 
selective BCL-2 inhibitor. ABT-199 has shown potent effects against many hematologic malignancies, 
including the fatal TCF3-HLF-positive ALL subset15. Inhibitors against Mcl-1, which lead to the 
liberation of BAX and BAK, have also been developed. Besides these inhibitors of the anti-apoptotic 
BCL-2 family members, direct agonists of BAX and BAK such as BAM7 have been reported. However, 
they are still in the initial stages of development. Other drugs developed to restore sensitivity to 
apoptosis include autophagy inhibitors, or inhibitors of the IAPs called SMAC mimetics (SM)21,46–48. 
SM are discussed further in section 1.4. 
1.2.5 Necroptosis is an alternative form of programmed cell death 
Necrosis was considered until recently to be a mode of spontaneous or unregulated cell death. The term 
necroptosis was first coined to describe a programmed form of necrosis which could be induced by Fas 
and TNFR activation in the absence of apoptotic signaling, and could be inhibited by the small molecule 
inhibitor of RIP1 kinase activity necrostatin-1 (Nec-1)49. Since its initial definition a decade ago, 
necroptosis has been increasingly studied and characterized.  
Necroptosis is involved in maintaining homeostasis in adult tissues such as the intestinal epithelium. It 
also plays important roles in the immune system for instance by regulating T cell proliferation and 
macrophage survival, it serves as an antiviral backup to apoptosis in infected cells, and it modulates 
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emergency hematopoiesis. Excessive necroptosis is also related to many pathological situations, 
including neurodegeneration, ischemic brain injury, or stroke18,49–51.  
Necroptosis and necrosis exhibit the same morphological features, which differ from apoptosis. They 
present with an increase of cellular volume, mitochondrial swelling, intact nuclei, and rupture of the 
plasma membrane18. 
Many signals can trigger necroptosis, including intracellular signals such as DNA damage or oxidative 
stress, or extracellular signals such as ligation of death receptors (TNFR1, Fas, and TRAILR1-2), 
interferon (IFN) receptors, or pathogen recognition receptors (toll-like receptors, TLRs). Necroptosis 
has been best studied in the model of TNFR1 activation. The first stages of necroptosis after TNFR1 
ligation coincide with its activation of extrinsic apoptosis (see section 1.2.1). After TNFR1 activation 
and internalization, the DISC is recruited, which contains FADD (Fas associated death domain), 
TRADD (TNF receptor associated death domain), RIP1, and RIP3, besides caspase-8. In certain 
contexts formation of the DISC leads to extrinsic apoptosis, then caspase-8 cleaves and inhibits RIP1 
and RIP3, the key molecules mediating necroptosis. In case of caspase inhibition, a complex containing 
RIP1 and RIP3 (necrosome) is formed. This leads to their phosphorylation, and the subsequent 
phosphorylation and activation of MLKL (mixed lineage kinase-like). Active MLKL forms homo-
trimers which translocate to the plasma membrane and disrupt its integrity, executing thus cell 
death18,50,52–56 (Figure 4). The interplay between apoptosis and necroptosis, and the details of death 
receptor signaling are described further in sections 1.2.9 and 1.3 respectively. 
The destruction of the plasma membrane of necroptotic cells leads to the release of inflammatory signals 
such as damage associated molecular patterns (DAMPS), contributing to the notion that necroptosis is 
more inflammatory than apoptosis. However, many confounding factors hinder answering this question. 
Cell death, and necroptosis in particular, is very tightly linked to inflammation. Many of the ligands 
and receptors involved in cell death are also potent inflammatory mediators depending on the cellular 
context. It has been proposed that TNFα-induced necroptosis acts as an anti-inflammatory mechanism 
by abrogating the production of inflammatory cytokines, which necroptosis-resistant cells would 
continue to produce. In some cases, necroptosis can also lead to the destruction of biological barriers, 
leading to the activation of the immune response by microbial agents, such as in the intestinal epithelium 
or the skin 57–59. Furthermore, proteins involved in the necroptosis pathway such as RIP3 have been 
involved in inflammatory signaling independently of cell death60. 
1.2.6 Necroptosis in cancer   
Defects in necroptosis have also been implicated in oncogenesis. Mutations and SNPs in RIP3 as well 
as in CYLD (cylindromatosis), a key protein implicated in the switch between TNFR1 pro-survival and 
pro-death signaling, have been identified in chronic lymphocytic leukemia (CLL), Non-Hodgkin’s 
lymphoma, or epidermal cancers. Furthermore, the inflammatory environment caused by necroptosis 
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can also promote tumorigenesis. Necrotic cells release interleukin 1α (IL-1α), which can promote 
proliferation in the neighboring cells. Additionally, necrotic cells can recruit immune cells, driving 
increased angiogenesis, proliferation, and invasiveness25,50,61,62. 
1.2.7 Necroptosis in cancer therapy and resistance to necroptosis 
Most chemotherapeutic drugs induce apoptosis, which is often dysfunctional in refractory or relapsed 
tumors. In that case, the tumors can become cross-resistant to structurally and functionally unrelated 
drugs.  While many strategies have been directed at restoring apoptosis sensitivity (i.e. BH3 mimetics), 
some propose profiting from independent cell death mechanisms to overcome such multifactorial 
resistance combining inducers of different cell death modalities. Thus necroptosis represents an 
attractive target63,64. 
Many have confirmed this hypothesis with various small molecules and in different types of cancer. 
Refractory patient-derived ALL samples were sensitized to dexamethasone by the small molecule 
obatoclax (GX15-070) through the induction of autophagy-dependent necroptosis65. Obatoclax was also 
shown to induce autophagy-dependent TNFα-independent necroptosis in rhabdomyosarcoma cells66 
and a triple mode of cell death by apoptosis, necroptosis and autophagy in infant leukemia with MLL 
rearrangements67. Necroptosis can also be induced by the natural compound shikonin and its derivates 
in a wide range of  apoptosis-resistant cancer cell lines harboring BCL-2 or BCL-xL overexpression68. 
Other necroptosis-inducing compounds include the sphingosine analog FTY720, a diphtheria toxin 
conjugate, or the combination of 5-fluorouracil with the pan-caspase inhibitor IDN-731469–71. 
Furthermore, a recent study showed that RIP3-dependent necroptosis could also contribute to the 
response to standard chemotherapeutics such as DNA-damaging agents72. 
Malignancies of hematologic and colorectal origin show special sensitivity to necroptosis. However, 
not all cell types are competent to undergo this mode of cell death. 57% of small cell lung carcinomas 
and 85% of breast cancer patients show hypermethylation of the RIP3 promoter, resulting in loss of 
expression72,73. Decreased RIP3 and MLKL expression are also reported for AML and CLL, as well as 
many cancer cell lines64. This suggests that pre-treatment with hypomethylating agents could be used 
to restore necroptotic sensitivity72. 
1.2.8 Other cell death modalities 
Anoikis is a mode of cell death induced in adherent cells by the detachment from the extracellular matrix 
(ECM). Its upstream activation signals lead to the activation of intrinsic apoptosis, which finally 
executes cell death. Entosis occurs also after loss of contact with the ECM. In this case the cell is 
engulfed by another cell of the same type and the final cell death is not executed by caspases. 
Parthanatos is a caspase-independent pathway mediated by the overactivation of PARP1 (poly ADP-
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ribose polymerase 1). Pyroptosis is mediated by caspase-1 activation and is associated with the release 
of interleukins-1ß and -1819.  
Autophagy is a necessary process for the maintenance of the cellular homeostasis. It is characterized by 
the formation of double membrane vesicles (autophagosomes) that engulf cellular contents and recycle 
them after fusing with lysosomes. Autophagy is generally considered a cytoprotective mechanism. 
However, it has been found to mediate cell death in certain conditions, especially in the case of apoptosis 
inhibition. The term autophagic cell death is used in instances when it can be rescued by genetic ablation 
of at least two different autophagy genes. This is important in order to differentiate cell death mediated 
by autophagy from cell death accompanied by autophagy, which can be the case of necroptosis19,74,75.  
1.2.9 Crosstalk between cell death modalities 
Despite being mechanistically well defined, numerous points of crosstalk exist between the various cell 
death modalities. Experimental inhibition of apoptosis by pan-caspase inhibitors is often necessary for 
the induction of necroptosis. Additionally, the embryonic lethality of either CASPASE8 or FADD 
knockout mice is rescued by an additional RIP3 knockout. This indicates that apoptosis exerts a negative 
control of necroptosis76. The switch between apoptosis and necroptosis downstream of RIP1 has been 
proposed to be controlled by the availability of the downstream effectors77. Besides MLKL-mediated 
necroptosis, RIP3 can mediate in parallel FADD-dependent apoptosis to control influenza A respiratory 
infection78.   
Autophagy favors the induction of necroptosis downstream of TRAILR activation by promoting the 
assembly of the necrosome on the autophagic membranes, which serve as a scaffold. Blocking the 
formation of autophagosomes causes the cells to default to apoptosis79. Necroptosis was found to require 
autophagy for the response to Obatoclax in ALL patient-derived samples65. 
Apoptosis is also linked with autophagy through the binding of BCL-2 and BCL-xL to Beclin-1, the 
central regulator of autophagy initiation. Beclin-1 is constitutively inhibited by BCL-2 and BCL-xL, 
which are displaced by BAD upon starvation to promote autophagy21. Additionally, autophagy can 
decrease TRAIL-induced apoptosis by degrading the pro-apoptotic protein PUMA (p53 upregulated 
modulator of apoptosis)80. 
1.3 Death receptor signaling: TNF and TNFR families 
The TNF superfamily (TNFSF) is represented in Drosophila by a single gene homologue, Eiger, and 
doesn’t exist in prokaryotes, yeast or nematodes. The human TNFSF comprises 19 ligands and 29 
receptors, most of them with important functions in the development and activity of the immune system. 
For instance, TNFSF signaling can influence T cell responses by activating antigen presenting cells, or 
directly stimulating T cell proliferation. The best studied TNFSF ligands are TNFα, TRAIL, FasL, 
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RANKL (receptor activator of nuclear factor kappa-B ligand), and TWEAK (TNF-related weak inducer 
of apoptosis)81,82.  
TNFSF ligands are generated as type II transmembrane proteins (single-pass transmembrane with a 
signal-anchor sequence and the C-terminal targeted to the ER lumen) that contain a homotrimeric c-
terminal TNF homology domain at the extracellular region. TNFSF ligands form homotrimers, with the 
only exception of lymphotoxin ß, which heterotrimerizes with lymphotoxin α. The extracellular domain 
is often cleaved by proteolysis, releasing the ligand into the extracellular space. Some receptors of the 
TNF receptor superfamily (TNFRs) respond differently to their soluble and membrane bound ligands. 
Generally, one trimeric ligand interacts with three monomeric receptors. TNFRs are type I (single-pass 
transmembrane proteins with a stop-transfer sequence and the N-terminal domain targeted to the 
extracellular space) or type III (single-pass transmembrane with a signal-anchor sequence and the N-
terminal targeted to the ER lumen) transmembrane proteins which contain 1 to 4 cysteine rich domains 
(CRD) on the extracellular region. TNFRs can be structurally classified into death domain (DD)-
containing receptors, decoy receptors, or TRAF-(TNF receptor associated factor) binding receptors. 
DD-containing TNFRs can activate cell death through the interaction with other DD-containing 
proteins. TRAF-binding receptors lack the DD, but enclose a sequence of 4 to 6 aminoacids to recruit 
TRAF proteins in the intracellular domain81–83. The specificity of each ligand for a particular receptor 
can vary. All ligands bind 1 to 5 receptors, while most receptors bind only 1 to 3 ligands81,84.  
1.3.1 TNFα is an important inflammatory cytokine 
TNFα is an inflammatory cytokine produced as a transmembrane protein (mTNF) of 233 aminoacids. 
It is cleaved by metalloproteases such as TACE (TNF-alpha converting enzyme, also known as ADAM-
17) to produce the soluble TNFα (sTNF), of 157 aminoacids. The intracellular domain produced after 
the cleavage migrates into the nucleus, while the extracellular domain is secreted. Both mTNF and 
sTNF act as homotrimers. TNFα is mostly produced and secreted by cells of the immune system and is 
an important player in many inflammatory diseases such as rheumatoid arthritis. mTNF is present in T 
cells, monocytes/macrophages, and NK cells, and it plays an important role in host defense. mTNF on 
T cells induces activation of monocytes, memory T cell response against intracellular pathogens, and 
can kill HIV infected lymphocytes through TNFR1-TNFR2 cooperative signaling. When expressed by 
infected T cells, mTNF can increase B cell activation. In contrast with mTNF, which acts through cell-
cell contact or in an autocrine manner, sTNF can have paracrine and systemic effects81,83,85,86.  
The soluble and membrane-bound forms of TNFα signal through the receptors TNFR1 and TNFR2 
differently. mTNF binds and activates TNFR1 and TNFR2, while sTNF binds both receptors but signals 
preferentially through TNFR1. The ability of the receptor to respond to sTNF is determined by an 
extracellular region proximal to the transmembrane domain termed stalk region. This region determines 
the local enrichment of receptors and their PLAD- (pre-ligand assembly domain) mediated homotrimer 
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formation in the absence of ligand. The stalk region of TNFR1 is necessary for the response to sTNF, 
while the stalk region of TNFR2 prevents it. This leads to important differences in the downstream 
signaling and outcome of m and sTNF and has consequences for the treatment of autoimmune diseases 
with TNFα neutralizing antibodies such as infliximab, etanercept, or adalimumab. They are all effective 
at neutralizing sTNF but vary in their activity against mTNF83,84,87. 
TNFα has been implicated in tumor development by its ability to induce proliferative signaling, 
production of angiogenic molecules such as VEGF (vascular endothelial growth factor) and IL-8 
(interleukin 8), and chromosomal instability through the induction of FAT10, a ubiquitin-like protein 
modifier related with aberrant mitosis. It has been found to be constitutively produced by the 
microenvironment in several tumor types88.  
1.3.2 TNFR1 is a main inducer of pro-survival and death signaling 
TNFR1 is ubiquitously expressed at low levels (300 to 10.000 receptors per cell), can be activated by 
both s and mTNF, and translocates to lipid rafts once activated. TNFR1 knockout mice have a similar 
phenotype to TNFα knockout mice, showing impaired B cell development and increased susceptibility 
to bacterial infections among others. TNFR1 can activate both cell survival and cell death pathways, 
depending on the signaling induced downstream. However, in most cell types TNFα induces survival 
signaling by default, and the activation of TNFα-induced cell death requires downstream 
dysregulations83,89,90.  
1.3.2.1 TNFR1 in pro-survival signaling 
TNFR1 can activate NF-κB (nuclear factor κ B) and MAPK (mitogen-activated protein kinase) 
signaling pathways, including JNK (c-Jun N-terminal kinase), ERK (extracellular signal-regulated 
kinase), and p38, thus promoting cell survival and inflammation. TNFR1 pro-survival signaling is 
important for the maturation and the stimulatory capacity of dendritic cells, proliferation of 
lymphocytes, or antibody production among others91,92. 
TNFα-induced pro-survival and pro-inflammatory signaling after TNFR1 activation is mediated by the 
so called complex I. Complex I is formed by the interaction of TNFR1 through its DD with other DD-
containing proteins, such as TRADD. TRADD then recruits RIP1 and TRAF2, which brings cIAP1 and 
cIAP2 with it. cIAPs can ubiquitinate themselves and RIP1 by K11, K63 and K48 linkages, and the 
ubiquitination of RIP1 is required for the downstream induction of NF-κB. The addition of K63 
ubiquitin chains leads to the recruitment of additional complexes essential for survival signaling. One 
complex recruited is the IKK complex, which is necessary for NF-κB activation and contains NEMO 
(NF-κB essential modulator) and IKK (IκB kinase) 1 and 2. When phosphorylated and activated by 
TAK1 (transforming growth factor ß-activated kinase 1), another protein recruited to complex 1, IKK2 
can phosphorylate IκBα (inhibitor of κB alpha), leading to its degradation. This frees the NF-κB dimers 
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p50/p65, which translocate to the nucleus and initiate expression of pro-survival and pro-inflammatory 
genes such as c-FLIP (cellular FLICE inhibitory protein), BCL2, TRAF2 or cIAPs. Another pro-survival 
complex recruited to complex I through K63 linkages contains TAK1, TAB2 (TAK1 binding protein 
1), and TAB3. Besides activating IKK1 and 2, TAK1 can activate MAPK signaling, including JNK, 
ERK1/2, and p38 (Figure 4). Additionally, the linear ubiquitinating complex formed by LUBAC (linear 
ubiquitin chain assembly complex), HOIL (haem-oxidized IRP2 ubiquitin ligase-1), HOIP (HOIL-1 
interacting protein), and Sharpin, is also recruited to complex I and adds linear ubiquitin chains (M1) 
to TNFR1, TRADD, RIP1 and NEMO89,90,93,94. 
 
Figure 4. Overview of death receptor signaling. TNFR1 can induce cell survival, apoptosis, and necroptosis depending on the 
intracellular context. Adapted from 64. 
Since the recruitment of pro-survival mediators to complex I relies on ubiquitin chains, deubiquitinating 
enzymes (DUBS) such as A20, CYLD, and OTU (ovarian tumor), are also part of the complex and are 
involved in its regulation. A20 can remove K48, K63, and M1 linkages, and removes K63 form RIP1 
and TNFR1. It has also been found to act downstream of complex I by restricting RIP3 ubiquitination 
and impairing the formation of the necrosome95. CYLD is recruited by HOIP through SPATA2 
(spermatogenesis-associated protein 2)96 and can deubiquitinate RIP1, TRAF2, and NEMO. 





1.3.2.2 TNFR1 in death signaling 
TNFR1 can induce cell death through the arrangement of the cytosolic complex II, formed by TRADD, 
RIP1, FADD, caspase-8, caspase-10, and c-FLIP. The oligomerization of caspases in complex II can 
trigger their activation and induce apoptosis. On the other hand, in conditions of caspase deficiency or 
insufficient caspase activation, RIP1 can interact with RIP3 through the RHIM domain, form the 
necrosome, and lead to a series of phosphorylation events of RIP1, RIP3 and MLKL, hence activating 
necroptosis89,93 (Figure 4). Apoptosis and necroptosis are described in section 1.2.  
The transition from the complex I to the complex II or the necrosome occurs when complex I is 
destabilized (early checkpoint) or the NF-κB pathway is inhibited (late checkpoint). The 
deubiquitination of RIP1 caused by a loss or inhibition of cIAPs leads to its translocation to the cytosol 
and the formation of complex II. Similar effects take place in cases of decreased LUBAC activity (by 
mutations in HOIL or HOIP), or deficiency of TAK1 or NEMO. Furthermore, phosphorylation of RIP1 
by IKKs keeps RIP1 in complex I. The inhibition of protein translation by cycloheximide or deletions 
in the NF-κB pathway also induce the formation of complex II due to the decreased expression of pro-
survival proteins, however the exact mechanism is still unknown89,90,93. Furthermore, the outcome of 
TNFR1 activation is also regulated at the level of the receptor itself. K63 ubiquitination of TNFR1 by 
RNF8 (ring finger protein 8) promotes its internalization, the subsequent formation of complex II, and 
the activation of cell death97. TNFR1-induced cytotoxicity can also be impaired by TACE-induced 
shedding of the receptor as a feedback response to apoptosis and reactive oxygen species98,99. 
The activation of cell death is also regulated at the level of complex II by c-FLIP, a catalytically inactive 
caspase-8 homolog expressed via the NF-κB pathway. The long isoform of c-FLIP forms a slightly 
active complex with caspase-8, preventing its fully activation and cleaving RIP1 and RIP3 to block 
necroptosis. The short isoform of c-FLIP inhibits caspase-8 directly89.  
1.3.3 TNFR2 is not a death receptor but can modulate cell death 
Contrary to TNFR1, the expression of TNFR2 is limited to certain cells of the immune system such as 
T lymphocytes, thymocytes, neurological cells such as oligodendrocytes, astrocytes, or microglia, 
endothelial cells, cardiac myocytes, and mesenchymal stem cells. Unlike TNFR1, which can be detected 
in larger clusters, TNFR2 is homogeneously distributed in the plasma membrane and is only efficiently 
activated by mTNF, differences which are dictated by its stalk region83. The intracellular domain of 
TNFR2 contains 5 highly conserved sequences named module I-V. Modules IV and V include TRAF2 
binding sites, and module III is responsible for TRAF2 degradation. The function of modules I and II 
is still unknown100 (Figure 5). 
TNFR2 signaling can activate canonical and non-canonical NF-κB signaling. Unlike TNFR1, TNFR2 
knockout mice have a normal development and only mild phenotype, with a slightly decreased 
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sensitivity to TNFα. This indicates that the main outcomes of TNFα signaling are mediated by TNFR1, 
while TNFR2 can have modulatory effects90. In many cases, TNFR2 signaling has the opposite effects 
from TNFR1 signaling. For instance, TNFR1 signaling promotes tissue damage in response to heart 
failure, while TNFR2 is cardioprotective. Similar consequences are seen for neurological damage and 
tissue regeneration. TNFR2 and TNFR1 signaling pathways can also cooperate to induce both survival 
and cell death101 (see section 1.3.3.3). 
 
Figure 5. Structure of TNFR2. CRD1-4 are the cysteine rich domains, responsible for TNFα binding; S is the stalk region; I-
V are the intracellular domains. Domain III is necessary for TRAF2 degradation, while domains IV and V are two independent 
TRAF binding sites.  
1.3.3.1 TNFR2 in pro-survival signaling 
The best characterized signaling events downstream of TNFR2 are those involved in the activation of 
cell survival mechanisms through the canonical and non-canonical NF-κB pathways. The ligation of 
mTNF induces the trimerization of TNFR2 and the subsequent recruitment of TRAF2, an event 
necessary for NF-κB activation. TRAF2 is constitutively bound to cIAP1 and cIAP2, and under basal 
conditions they can bind to the cytosolic complex formed by TRAF3 and NIK (NF-κB inducing kinase), 
leading to NIK ubiquitination and degradation. The recruitment the TRAF2-cIAP1-cIAP2 complex to 
TNFR2 prevents NIK degradation. NIK phosphorylates and activates of IKKα, which phosphorylates 
p100 and targets it for proteasome-mediated proteolysis, giving rise to the p52 fragment and activating 
the non-canonical NF-κB. TNFR2 can also activate the PI3K (phosphoinositide 3 kinase)/Akt pathway, 
which in turn phosphorylates IKKα. In this case IKKα phosphorylates IKKß, which phosphorylates 
IκBα, causing its degradation and the activation of p50/p65 canonical NF-κB (Figure 6). TNFR2 
induces sustained NF-κB signaling which can last up to 24h, while NF-κB induction by TNFR1 is short-
lived and lasts between 1 and 3 hours. This also indicates differential feedback regulation88,100,102. 
TNFR2-induced canonical NF-κB signaling is negatively regulated through the ubiquitination and 
proteasomal degradation of TRAF2, which is mediated by cIAP1 and cIAP2 and is independent of the 
binding site of TRAF2 in the intracellular domain of TNFR2. The exact regulation of this feedback loop 
is still unknown but phosphorylation events and proteins such as sphingosine-1-phosphate could be 
implicated88,103,104.  
Additionally, TNFR2 can activate JNK by inducing MEKK1 (MAPK kinase kinase 1) 
autophosphorylation. Aminopeptidase P3, a novel adaptor molecule recruited to the TNFR2 complex 
after ligation, has been found to play a role in this pathway88,105. TNFR2 can also activate Etk, a tyrosine 
16 
 
kinase implicated in angiogenesis, cell adhesion, migration, and 
survival, in a TRAF-2 independent manner106. 
TNFR2 plays important roles in immune regulation independently 
of TNFR1, such as inducing the activation, proliferation, and 
survival of T cells in response to infection83,102. Defects in the 
TNFα-mediated NF-κB signaling pathway occur in autoreactive T 
cells and are implicated in various autoimmune disorders101. 
Genomic alterations in TNFRSF1B (the gene encoding TNFR2) 
related to increased non-canonical NF-κB signaling have been 
found in a subset of cutaneous T cell lymphomas107. Furthermore, 
a promoter haplotype of TNFRSF1B that causes increased TNFR2 
expression has been linked to increased TNFα release after LPS 
(lipopolysaccharide) treatment, leading to lower endotoxin 
tolerance108. 
 
1.3.3.2 TNFR2 in death signaling 
Direct association of TNFR2 in cell death signaling has been reported in few cases, while its ability to 
contribute to TNFR1-mediated cell death is well established. Direct cell death signaling by TNFR2 has 
been found in response to TNFα, as well as to direct activation by cross-linking, in U937 and KYM-1 
cell lines109. Overexpression of TNFR2 in T cells leads to TNF-induced cell death in the presence of 
RIP1, or NF-κB activation in its absence, while specific stimulation of TNFR1 in the same cells does 
not110. Additionally, TNFR2 is required for cisplatin-induced necrosis and apoptosis in the kidney111, 
and TNFR2 agonism induces cell death of insulin-autoreactive T cells in diabetic patients112. The 
mentioned effects are all TNFR1-independent. The mechanisms by which TNFR2 can indirectly 
sensitize to cell death are discussed below, in section 1.3.3.3. 
1.3.3.3 Crosstalk between TNFR2 and other death receptors 
in death signaling 
TNFR2 can contribute to and enhance TNFR1-mediated cell death by various mechanisms, including 
blocking shared downstream pro-survival molecules and increasing TNFR1 activation. TRAF2 is 
essential for TNFR1 and TNFR2 signaling and has a main role in the interplay between both 
receptors88,102. TNFR1 induction of NF-κB and JNK pro-survival signaling requires TRAF2, which is 
degraded by TNFR2 activation, increasing thus TNFR1-mediated cell death. On the other hand, TNFR1 
increases the levels of TRAF1, which can retain TRAF2 in the cytoplasm and restrict its degradation, 
preventing thus cell death113–115. Other studies have shown that the effect of TRAF2 depletion on 




TNFR1 mediated cytotoxicity is not due to a decrease of NF-κB activation, but other mechanisms must 
be involved116. Another means by which TNFR2 and other non DD-containing TNFRs can increase 
TNFR1-induced cell death is via the increased production of mTNF, which can then activate TNFR1 in 
an auto- and paracrine manner101,115,117. Additionally, TNFR2 has been found to increase the 
concentration of TNFα at the membrane independently of any downstream events, and facilitate its 
binding to TNFR1, an effect known as ligand passing118. 
TNFR2 can sensitize to TNFR1-induced necroptosis by increasing the recruitment of RIP1 to TNFR1, 
or the recruitment of FADD to RIP1. The causes for this enhanced recruitment are still unknown, but 
could also be mediated by TRAF2 degradation and a decreased steric hindrance at the TNFR1 
complex101,119. TNFR2 can also mediate TLR4-induced necroptosis via the production of mTNF in 
dendritic cells120, as well as allow cell death in response to LPS in macrophages121. 
1.3.4 Other death receptors 
Other well characterized TNFSF death receptors include Fas and TRAILR1-2. Similar to TNFR1, the 
DISC is recruited to the death domain of Fas and TRAILR1-2 after ligation. However, in this case, 
TRADD is not necessary for DISC assembly, and TRAF2 is not recruited. Additionally, FasL and 
TRAIL can only induce necroptosis in the context of caspase inhibition or FADD absence19,122.   
Besides TNFRSF members, RIP1-mediated cell survival and cell death can also be induced downstream 
or Toll-like receptors (TLRs) 3 and 4, which are pattern recognition receptors that respond to pathogen-
derived products like viral dsRNA and lipopolysaccharide (LPS). TLRs recruit TRIF (TIR-domain-
containing adapter-inducing interferon-β), leading to recruitment and ubiquitination of RIP1, TRAF6, 
and TAK1. This activates NF-κB or cell death depending on the context. Similarly, the interferon (IFN) 
pathway can activate RIP1 and RIP3 in response to bacterial infection, causing cell death of 
macrophages93,120.  
1.4 SMAC mimetics induce apoptosis and necroptosis 
IAPs are key players in cell survival, acting both through the direct inhibition of caspases-3, -7, and -9 
(XIAP), as well as through the ubiquitination of RIP1 downstream of death receptors (cIAP1 and 
cIAP2), preventing thus the formation of death complexes94,123–126. These pro-survival molecules are 
overexpressed in many malignancies including leukemia, have been implicated in drug resistance, and 
often correlate with poor prognosis, making them attractive targets for anticancer therapy43,44,123,127.  
IAP proteins are endogenously regulated by SMAC, a mitochondrial protein that translocates to the 
cytosol in response to apoptosis induction, and binds and inhibits cIAPs and XIAP, mediating a negative 
feedback loop128. Similarly to BH3 mimetics, small molecule peptidomimetics of SMAC (SMAC 
mimetics, SM) were developed with the aim of resensitizing cells to apoptosis. The binding of SM to 
XIAP leads to the release of caspases-3, -7, and -9, allowing the reactivation of apoptosis. At the same 
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time, the binding to cIAP1 and cIAP2 promotes their auto-ubiqitination and subsequent proteasomal 
degradation, leading to the deubiquitination of RIP1 and its switch from pro-survival to pro-death. 
Additionally, the loss of cIAPs leads to the stabilization of NIK and the subsequent activation of the 
non-canonical NF-κB pathway, which upregulates TNF among other genes. The production of TNFα 
can then potentiate the activation of cell death in an auto- or paracrine manner, and is required for SM-
induced cell death in many cell lines48. 
SM mimic the N-terminal region of SMAC, responsible for the binding to the BIR (baculovirus IAP 
repeat) domains of IAPs, and can be structurally classified as monovalent or bivalent. Bivalent SM 
mimic the structure of the SMAC homodimer and are considered more potent because they bind IAPs 
with higher affinity48. The degree of specificity for one or more IAPs also depends on the chemical 
structure129. Considering the lethal phenotype of mice lacking cIAP1 together with cIAP2 or XIAP130, 
a second-generation of SM compounds have been developed to have higher selectivity for cIAP1 versus 
cIAP2 in order to improve tolerability131.  
SM act as chemosensitizers and have been found to synergize with chemotherapy, radiotherapy, 
immune stimulants, and death receptor agonists such as TNFα, Fas, or TRAIL129,132–135. In leukemia, 
SM have been found to synergize with glucocorticoids in ALL136, with the BCR/ABL inhibitor 
nilotinib137, and with p38, MK2 (MAPK-activated protein kinase 2), or caspase inhibitors like emricasan 
in AML138,139. Many clinical trials for SM in combination with first-line chemotherapy are ongoing127. 
Some SM including birinapant, LCL161, and BV6, also showed activity as single agents against certain 
tumor types (both in cell lines and patient-derived xenografts), with the most promising results against 
hematologic malignancies, including various subtypes of leukemia135,139–141. However, the results of the 
clinical trials conducted so far with SM as single agents show only minor responses127,142, indicating the 
need for establishing predictive biomarkers of response. The ability to respond to SM has been linked 
to the induction of TNFα production and autocrine positive-feedback, to the expression of TNFR1, as 
well as to the induction of NF-κB signaling139,141,143. Additionally, resistance to SM has been correlated 
with lower levels of XIAP141, upregulation or stabilization of cIAP2144,145, inability to form the 
ripoptosome146, as well as drug efflux by the ABCB1 transporter128.  
1.5 CRISPR: a novel gene-editing technology 
The CRISPR (clustered regularly interspaced short palindromic repeats) technology of genome editing 
was developed from the discovery of bacterial immune mechanisms. In bacteria such as Streptococcus 
pyogenes, foreign DNA from viruses or plasmids is incorporated into the host genome between CRISPR 
repeat sequences. The transcripts from those sequences (crRNAs) hybridize with a tracrRNA 
(transactivating CRISPR RNA), which recruits the nuclease Cas9 to cleave the invading DNA 
sequences. This bacterial defense mechanism has been adapted as a tool for genome engineering in cells 
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and whole organisms to generate knockouts for the study gene function, tag endogenous genes, or model 
diseases147,148.  
The generation of specific DNA double strand breaks (DSB) by the Cas9 nuclease can activate on the 
one hand to non-homologous end joining (NHEJ), a repair mechanism which generates insertions and 
deletions (indel) at the targeted site. This can lead to a change in the reading frame or change the binding 
site for promoters or enhancers, hence disrupting protein expression. On the other hand, DSB can be 
repaired by homologous recombination (HR), which can generate point mutations, or large insertions 
through the recombination with foreign “donor DNA”. Furthermore, Cas9 mutants have been generated 
which cleave only one DNA strand (nickases), or which have no enzymatic activity but bind to the 
target DNA (dead Cas9 or dCas9)148. 
The CRISPR technology offers certain advantages compared to previous genome engineering tools like 
zinc finger nucleases or TALENs (transcription activator-like effector nucleases). The design of specific 
CRISPR sequences is simpler, because it uses RNA instead of protein to target the nuclease to a specific 
DNA sequence. This also allows the generation of large libraries for screening. Additionally, CRISPR 
can be easily adapted to generate DSB at multiple sites in parallel. However, the specificity of the 
system is not yet fully understood. Cas9 proteins tolerate certain amounts of mismatches and can 









2. Subject of investigation and my contributions 
Impaired apoptosis execution is one of the leading causes of drug resistance and relapse in ALL. 
Inducing alternative cell death mechanisms such as necroptosis is an attractive strategy to circumvent 
or overcome apoptosis blockade. Understanding the mechanisms of necroptosis induction and 
identifying markers of response may provide new approaches for targeted treatment in refractory and 
relapse ALL cases. 
 
The main aims of my PhD project were the following: 
1. Understanding the mechanisms regulating RIP1-dependent death, including the role of TNFα 
and death receptors.  
2. Identification of biomarkers indicative of a response. 
3. Validation of RIP1-targeting therapies in vivo in high risk disease, including evaluation of the 
therapeutic potential of SMAC mimetics.  
 
I significantly contributed in: 
Manuscript 1: Activation of concurrent apoptosis and necroptosis by SMAC mimetics for the treatment 
of refractory and relapsed ALL (shared first author). Contributions to figures 3, 4, and 5; supplementary 
figures 2 and 3; supplementary table 1. I contributed to the in vivo experiments, performed the 
quantitative PCR for TNFα, and the western blots for the protein levels and NFκB induction in patient-
derived xenografts. I also characterized the mixed phenotype in cell lines (viability and TUNEL assays) 
and validated the CRISPR knockout cell lines and xenografts. 
Manuscript 2: TNFR2 is essential for RIP1-dependent cell death in refractory ALL (manuscript in 
preparation, first author). Contributions to all figures and all supplementary figures and tables. I 
performed the quantitative PCR for TNFR2 and the other related genes in patient-derived samples form 
responders and non-responders, and validated TNFR2 at the protein level. I generated the 
overexpression constructs, validated the overexpression and CRISPR knockout stable cell lines, and 
performed the viability assays. I contributed to the in vivo CRISPR experiments, validated the 
knockouts and screened them in vitro, as well as the primary samples from the alternative cohort. I also 









3.1 Manuscript 1 
Activation of concurrent apoptosis and necroptosis by SMAC mimetics for the treatment of 
refractory and relapsed ALL 
Authors: Scott McComb§, Júlia Aguadé-Gorgorió§, Lena Harder, Blerim Marovca, Gunnar Cario, 








More precise treatment strategies are urgently needed to decrease toxicity and improve outcomes for 
treatment-refractory leukemia. We used ex vivo drug response profiling of high risk, relapsed, or 
refractory acute lymphoblastic leukemia (ALL) cases and identified a subset with exquisite sensitivity 
to small molecule mimetics of the secondary mitochondria-derived activator of caspases protein SMAC 
(SMAC mimetics, SM). Potent ex vivo activity of the SM birinapant correlated with dramatic in vivo 
anti-leukemic effects, as indicated by delayed engraftment, decreased leukemia burden, and prolonged 
survival of xenografted mice. Antileukemic activity was dependent on simultaneous execution of 
apoptosis and necroptosis, as demonstrated by functional genomic dissection with a multi-colored 
lentiCRISPR approach to simultaneously disrupt multiple genes in patient-derived ALL. SM 
specifically targeted RIP1-dependent death, and CRISPR-mediated disruption of RIP1 completely 
blocked SM-induced death yet had no impact on the response to standard anti-leukemic agents. Thus, 
SM compounds such as birinapant circumvent escape from apoptosis in leukemia by activating a potent 
dual RIP1-dependent apoptotic and necroptotic cell death, which is not exploited by current therapy. 
Ex vivo drug activity profiling could provide important functional diagnostic information to identify 




For detailed information see attached manuscript 1 (pages 49-87)  
24 
 
3.2 Manuscript 2 
TNFR2 is essential for RIP1-dependent cell death in refractory ALL  
Authors: Júlia Aguadé-Gorgorió, Scott McComb, Maria Pamela Dobay, Lena Harder, Blerim 






The identification of molecular determinants that regulate sensitivity to specific agents is essential for 
the development of new therapeutic approaches in cancer. We have earlier shown that a subset of 
refractory acute lymphoblastic leukaemia (ALL) samples respond to SMAC-mimetic induced IAP 
depletion by concurrently inducing RIP1-dependent apoptosis and necroptosis. Herein we show that 
this response correlates with the expression of TNF receptor 2 (TNFR2) in primary ALL. Using 
CRISPR/Cas9-mediated knockout of TNFR1 and 2 and in vivo selection with SMAC mimetics we 
show that TNFR1 and 2 are both functionally required for cell death. SMAC mimetics induced 
recruitment of RIP1 to TNFR1, which was abolished in cells deficient for TNFR2. Our data indicate 
that TNFR2 predicts sensitivity to SMAC mimetics and plays a key role in modulating a switch from 
RIP1-controlled cell survival to cell death.  
  
 




4.1 Clinical challenges in ALL therapy 
The treatment of ALL has reached nowadays an exceptional rate of overall survival of 90%. However, 
15 to 20% of patients still relapse and have a much worse prognosis. Relapsed ALL usually has acquired 
drug resistance1. Identifying new drugs and combinations active against resistant relapsed ALL is 
imperative for improving the outcome of these patients. Activating necroptosis could prevent relapse if 
induced in combination with standard therapies, or circumvent drug resistance in refractory cases, and 
represents an attractive strategy for cancer therapy. We have shown that activating RIP1-dependent cell 
death by SMAC mimetics effectively kills high risk and relapsed ALL149 (manuscript 1), and we have 
established TNFR2 expression as a predictive marker of response, facilitating the translation to clinical 
practice (manuscript 2).  
4.2 Xenograft mouse model: a clinically relevant setting for the study of ALL 
Working with a clinically relevant system that reflects the biology of the disease is essential for target 
identification and drug discovery. The xenograft model of ALL allows expanding patient material while 
maintaining its genomic and transcriptomic characteristics as well as its subclonal composition14. We 
have observed dramatic differences between ALL cell lines and patient-derived samples, including the 
response to SM alone (both in potency and diversity in the response), the proportion of necroptosis or 
mixed-phenotype in response to birinapant, or the phenotype after TNFR2 overexpression.  
We have adapted the lentiCRISPR technology to generate knockouts in patient-derived cells and used 
the xenograft model to evaluate if the knockouts acquire resistance to SM treatment. The introduction 
of a specific fluorescent gene in each 
of the CRISPR/Cas9 lentiviral 
plasmids allows the simultaneous 
generation of multiple knockouts 
from one population after sorting 
single, double, triple, or quadruple 
fluorescence-positive cells (Multi-
colored lentiCRISPR, Figure 7).  The 
expansion of knockout cells in vivo 
under treatment not only indicates 
survival but also the ability to 
proliferate, providing the combined 
information of viability and 
clonogenic assays. This is a valuable 
strategy which can easily be adapted 
Figure 7. Scheme of multicolored lentiCRISPR approach for the generation of 
knockout cell lines and in vivo selection of knockout patient-derived cells. 
Figure adapted from 149. 
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to high throughput CRISPR screening for the identification of genes essential for drug response. 
However, it is limited by the low transduction efficiency of patient-derived ALL. Using CRISPR 
screening and in vivo selection to identify genes which confer resistance to a given compound would 
be difficult, since the population of interest would be rare at the beginning and would be lost under 
treatment.  
Using the lentiCRISPR system we have generated RIP3 and FADD knockouts form the same patient 
sample, which respond to birinapant exclusively by apoptosis or necroptosis respectively. These 
represent an ideal tool to compare the inflammatory responses induced by both cell death modalities. 
However, the study would be limited by the lack of a functional immune system in the NSG mouse 
model.  
4.3 Resistance to apoptosis is a common feature of refractory and relapsed cancer 
Chemotherapeutic drugs, radiotherapy, and some novel targeted therapies induce apoptosis in tumor 
cells, independently of their mechanism of action. However, it is important to consider that activating 
apoptosis doesn’t necessarily mean relying on apoptosis to induce cell death. Unpublished data from 
our lab indicates that many classical chemotherapeutic compounds thought to induce apoptosis can still 
induce cell death in CASPASE3 and 7 double knockout patient-derived ALL, showing that other cell 
death mechanisms could be implicated. Furthermore, there are many downstream points of crosstalk 
between cell death modalities, as highlighted by the fact that inducing necroptosis requires in many 
cases the inhibition of apoptosis. 
Nevertheless, resisting apoptosis or cell death in general is one of the hallmarks of cancer25 and many 
malignancies including ALL show features of apoptosis resistance. Many proteins involved in intrinsic 
apoptosis are altered in ALL, especially BCL-2 family proteins, as well as other players involved in the 
extrinsic apoptosis pathway9,33,34. Resistance to frontline chemotherapy correlates with a decreased 
execution of apoptosis10, and the presence of apoptosis resistant (or unprimed) cells subpopulations in 
AML as determined by BH3 profiling correlates with drug resistance and predicts clinical response150.  
Additionally, dysfunctions in apoptosis can also confer resistance to novel targeted therapies such as 
imatinib41.  
This must be taken into account when designing treatment strategies aimed for relapse or resistant cases. 
Alternative cell death pathways which do not rely on the apoptotic machinery could be exploited, as 
well as strategies directly targeting the resistance mechanisms. 
4.4 Identifying drugs active against resistant and relapsed ALL 
Many approaches can be taken to successfully identify specific drug sensitivities in resistant and 
relapsed ALL. Yet they all require molecular knowledge of the disease or the identification of 
biomarkers of response.  
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4.4.1 Targeting genetic alterations 
ALL is characterized by gross genetic aberrations, frequently leading to the expression of abnormal 
fusion proteins. Those represent attractive targets for novel therapies, since they are leukemia-specific 
and are often master regulators of the leukemic phenotype.  
The development of tyrosine kinase inhibitors targeting the constitutively active fusion protein 
BCR/ABL has led to an improved prognosis of BCR/ABL+ patients, allowing also the use of a less 
intensive chemotherapeutic regimen1. However, most of the leukemic aberrant fusion proteins don’t 
have enzymatic activity but act as transcriptional regulators3. Hence targeting those proteins presents 
an increased difficulty. Transcriptional cofactors, modulators, epigenetic readers, or post-translational 
modifications necessary for the activity of the aberrant transcription factor could represent potential 
attractive targets as long as they can be inhibited with small molecules. Some successful examples of 
using such approaches for cancer treatment include bromodomain inhibitors, Notch1 inhibitors, or p53 
reactivators151. Treatment with the small molecule JQ1, an inhibitor of bromodomain family proteins, 
leads to a decreased MYC transcription and reduces the expression of c-Myc target genes in B-ALL, 
decreasing leukemia viability152. Notch1 is a transmembrane receptor which has transcriptional activity 
after cleavage and liberation of its intracellular domain. The abrogation of Notch1 signaling can be 
achieved by allosteric antibodies or gamma secretase inhibitors, which interfere with Notch cleavage151. 
P53 reactivation can be achieved by targeting the negative modulators of p53 activity HDM2 and 
HMDX. The small molecule Nutlin-3 and stapled peptides mimicking the p53 transactivation domain 
disrupt the inhibitory p53-HDM2 and/or p53-HMDX complexes, leading to selective cytotoxicity in 
p53 wild type cells153. Altogether, targeting transcription factors for cancer treatment requires a deep 
understanding of their functional regulation. 
4.4.2 Identifying pathway dependencies from transcriptomics 
Transcriptome profiling can help establish distinct targetable pathway dependencies for subsets of ALL. 
This approach revealed a similar gene expression to BCR/ABL leukemia in the Philadelphia-like (ph-
like) subtype, which presents a myriad of kinase-activating lesions. This suggests a dependency on 
kinase signaling pathways and the potential activity of tyrosine kinase inhibitors in ph-like ALL1,154. 
Transcriptomics of the fatal B-ALL subtype harboring the TCF3-HLF translocation revealed an 
overexpression of the anti-apoptotic protein BCL2. Indeed targeting apoptosis resistance with the BH3 
mimetic ABT199 showed a potent activity against patient-derived TCF3-HLF positive samples in vitro 
and in vivo15.  
4.4.3 Unbiased drug screening identifies sensitivity patterns 
An unbiased approach to detect specific drug sensitivities is high throughput in vitro drug screening of 
primary samples or patient-derived xenografts. A drug screening system of ALL in co-culture with 
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mesenchymal stromal cells was previously established in the lab and is routinely used to test drug 
response in various subsets of ALL155. The response in vitro correlates with the response in vivo in the 
xenograft model for the great majority of cases. This system has allowed identifying extraordinary drug 
sensitivities for specific patients or subgroups. For instance, it identified ABT199 as a potent drug 
against TCF-HLF15, MLL-AF4, and T-ALL, and the SRC inhibitor dasatinib against T-ALL156. 
Additionally, a subset of cases with increased proliferation rates showed increased sensitivity to cell 
cycle targeting drugs. Besides target and biomarker discovery, individualized drug screening could 
potentially be used to personalize the treatment for high risk patients. This approach is currently being 
used for the Inform (individualized therapy for relapsed malignancies in childhood) study, in which 
samples from refractory or relapsed cases are tested in vitro using the mentioned drug screening 
platform for their response to a panel of clinical and investigational drugs. The information obtained 
from the screening together with the rest of the diagnostic information can then be used to make 
informed decisions regarding treatment options in refractory cases.  
4.4.4 Targeting cell death to overcome resistance 
Since apoptosis dysfunction is a general cause for resistance in primary and relapse malignancies, and 
many cancers depend on the higher expression of anti-apoptotic proteins for their survival, directly 
targeting the apoptosis blockade or lowering the apoptosis threshold represents an attractive strategy. 
Indeed, BH3 mimetics show a very promising activity against many malignancies, including 
leukemia21,46,47. However, many types of defects can cause decreased apoptosis execution, and they can 
vary between cancers or between subclones, making it more difficult to specifically target the origin of 
resistance. 
Apoptosis was the first identified mode of regulated cell death. Since then many modalities of 
programmed cell death have been described, including necroptosis. Inducing alternative modes of cell 
death presents advantages over resensitizing to apoptosis, since they do not rely on a frequently 
abrogated cascade. Combining drugs to target various cell death pathways could also hinder the 
appearance of general resistance, since more alterations would be necessary63.  
Glucocorticoids are first line drugs for the treatment of ALL. Resistance to glucocorticoids is indicative 
of poor prognosis and can occur through dysregulation of intrinsic apoptosis. Resensitization to 
glucocorticoids could be obtained by combining them with arsenic trioxide, which lead to increased 
BAD and decreased XIAP levels, and resensitization to apoptosis157. Glucocorticoids could also be 
effectively combined with obatoclax, which led to the induction of necroptosis in an autophagy-
dependent manner65. This indication that necroptosis could be induced and have a potential clinical 




4.5 Circumventing drug resistance in ALL through RIP1-directed strategies 
cIAPs are highly expressed in ALL and regulate both apoptosis and necroptosis, making them attractive 
targets to circumvent resistance. SMAC mimetics (SM) induce the degradation of cIAP1 and cIAP2, 
and inhibit XIAP, leading to a pro-death state of RIP1 on the one side, and to the liberation of caspases 
on the other43,44. Using the mentioned drug screening platform we screened a heterogeneous cohort of 
B- and T-ALL patient-derived samples for their response to the SM birinapant and LCL161. We 
observed exquisite responses to birinapant in vitro for a subset of B-ALL samples and we confirmed 
the responses in vivo. The IC50 in response to birinapant had no correlation with the diagnostic genomic 
characteristics nor the clinical risk stratification, and many refractory and relapse cases were among the 
most sensitive. Additionally, potent activity of birinapant was detected in vivo in xenografts which 
relapsed after treatment with vincristine, dexamethasone, and L-asparaginase141. Thus, exploiting RIP1-
dependent cell death is a promising approach against high risk and relapse cases, which have few 
therapeutic options. 
We screened a panel of drugs, including the most common drugs used in ALL, in RIP1 knockout 
patient-derived cells generated by lentiCRISPR. None of them relied on RIP1 for its activity, indicating 
that RIP1 will not be selected against during previous chemotherapy. Therefore, RIP1-targeting 
strategies could have encouraging results against drug-resistant cancers. A high-throughput small 
molecule screen comparing wild type and RIP1 knockout patient-derived ALL could reveal novel 
interesting compounds. However, RIP1 is not essential for ALL survival, since RIP1 knockout patient-
derived cells do not show a growth disadvantage in vivo, and acquired resistance could eventually 
develop.  
The strong single-agent activity of birinapant could not be observed in leukemia cell lines, which require 
the combination of SM with TNFα for cell death. This highlights the importance of working with a 
representative and clinically relevant model such as patient-derived xenografts.  
We used chemical inhibitors and lentiCRISPR gene knockout to assess the cell death phenotype induced 
by birinapant, and saw that in most samples apoptosis and necroptosis were induced simultaneously, 
always in a RIP1-dependent way. In cell lines, this mixed phenotype was only observed in Jurkat. The 
rest were exclusively apoptotic and did not represent our observations from patient-derived samples. 
The presence of a mixed phenotype is novel, since necroptosis is mostly described in the context of 
inhibited apoptosis18,50,139, and makes SM attractive for the treatment of resistant disease (Figure 8).  
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Apoptosis and necroptosis were jointly induced at the 
single cell level, as revealed by the fact that only cells 
with a double apoptotic and necroptotic knockout 
could expand under treatment. However, it is not yet 
clear if apoptosis and necroptosis are simultaneously 
activated in each cell, or if both pathways are 
available but one is the default and the other serves as 
a backup only if the first is blocked. The staining for 
TUNEL and live/dead cells by flow cytometry 
showed a majority of cells with intermediate TUNEL 
signal, indicating that there could be simultaneous 
apoptosis and necroptosis in each cell. However, 
single cell analysis of an apoptotic and a necroptotic marker, for instance active caspase-3 and 
phosphorylated MLKL, should be performed to answer this question.  
Other interesting observations arise from analyzing the death phenotype in patient-derived ALL in 
response to SM. A subgroup of samples showed sensitivity to necrostatin-1 (nec) alone, indicating a 
dependence on RIP1 kinase activity for survival or a particular sensitivity to the off-target effects of 
nec. Another subgroup was not rescued by either nec, zVAD, or the combination, but was rescued by 
RIP1 knockout. This suggests that RIP1 could be implicated in other cell death mechanisms besides 
apoptosis and necroptosis, or that it could be mediating cell death through indirect effects. Additionally, 
none of the samples had a purely apoptotic phenotype.    
4.6 Identifying mechanisms of resistance to SM 
Potent activity of SM and birinapant in particular has been detected against other types of leukemia, 
including MLL rearranged and ph-like AML135,139,141. However, activity of SM as single agents seems 
to be particularly high against hematologic malignancies compared to other solid tumors, and the 
clinical trials have had modest success so far127,142. In agreement, cancers of hematologic origin and 
colorectal tumors are distinctively sensitive to necroptosis. This could be determined in part by the 
expression of RIP3 and MLKL, which are usually downregulated or silenced in cancer72,73. Our results 
in cell lines corroborate this hypothesis, since only Jurkat cells, which respond to birinapant and TNFα 
with a mixed phenotype, have detectable RIP3 protein expression. RIP3 was undetectable for the other 
cell lines tested, 658, Nalm6, and CEM-C7, which showed an exclusively apoptotic phenotype. 
Birinapant targets cIAPs and indirectly targets RIP1. The levels of cIAP1/2 and RIP1 were 
homogeneous among all B-ALL samples, regardless of their response to birinapant. We couldn’t 
observe any consistent differences among patient samples for the other players involved in RIP1-
mediated cell death. Additionally, we couldn’t detect differences in TNFα expression between 
Figure 8. Model of RIP1-mediated necroptosis, 
apoptosis, and mixed phenotype. Adapted from 149. 
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responders and non-responders and neutralizing TNFα didn’t prevent cell death. TNFα-independent 
responses to SM have been previously observed by others132,136,158,159. Further experiments would be 
required to confirm if TNFα is required, since there is still the possibility that mTNF or intracellular 
TNFα are involved. We are currently generating lentiCRISPR TNFα knockouts in patient-derived cells 
to answer this question. 
Other mechanisms of resistance to SM have been proposed. Those include the stabilization or 
upregulation of cIAP2144,160, or the activity of caspases -8 and -10161,162, which we could not detect in 
our cohort. Moreover, the inability to form the ripoptosome was described as the cause for SM 
resistance in CLL146. However, the formation of the ripoptosome is a downstream event and a 
consequence of RIP1 activation, and likely not the cause of resistance per se.  
4.7 TNFR2 expression predicts the response to SM 
Diverse resistance mechanisms can coexist within a cohort or even within a single patient, making its 
clinical application for patient selection more difficult. The word biomarker is usually used for 
molecular indicators of a process, such as cIAP1 degradation in response to SM, or caspase-3 cleavage 
after apoptosis induction. However, we considered that finding molecular markers of responsive 
patients which can be identified without needing to treat the patient would be beneficial and could 
facilitate its integration in the diagnostic pipeline. Therefore we focused on detecting markers which 
could predict SM response. 
Using gene expression profiles we detected TNFRSF1B (encoding TNFR2) as one of the best indicators 
of responsiveness, which we validated by quantitative PCR (qPCR) in two independent cohorts. This is 
essential for assessing its predictive value. However, the detection of TNFR2 protein levels by flow 
cytometry, a technique routinely used in the diagnostic of ALL, is very low and setting a threshold is 
practically impossible. Another option would be to standardize the qPCR, which is also often used in 
the diagnostic lab. This method allows a clear separation between TNFR2-high and -low, but the cutoff 
to what is considered high would have to be established according to clinical data of SM response. 
Determining the cause for the differential expression of TNFR2 could be helpful, since it could be used 
as a surrogate readout. Some SNPs with a role in TNFR2 expression have been reported, for instance 
rs522807, a SNP at the TNFR2 promoter which correlates with increased expression108. We could not 
detect this SNP in any of the samples (data not shown), but additional SNPs could be tested. 
Additionally, TNFR2 gene expression varies during the different stages of B cell development according 
to the Differentiation Map163 (Figure 9A), suggesting that ALL blocked at distinct stages of 
differentiation could have different response to SM.  
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The predictive value of TNFR2 expression for the response to SM in other subtypes of leukemia or 
other cancers has not been established yet. According to the Cancer Cell Line Encyclopedia164, 
lymphomas or colorectal cancers show high TNFR2 expression and could be good candidates to further 
explore this avenue. Interestingly, AML cell lines show the highest expression and AML primary 
samples have been reported to be responsive to SM139,141 (Figure 9B).  
Using the gene expression profiles we also identified TRAF6 and ADAM17 as genes correlating with a 
lack of response. TRAF6 is involved in NF-κB induction downstream of TNFRs and TLRs165, and 
TRAF6 knockout increased response to birinapant in the partially sensitive 658 cell line (data not 
shown). ADAM17 encodes TACE, the enzyme responsible for the processing of mTNF to sTNF, as well 
as for the shedding of TNFRs85,99. This could indicate that non-responders have higher TACE levels 
and therefore more sTNF while responders have more mTNF. Considering that TNFR2 signals 
preferentially after mTNF binding, TACE levels could play a role in the responsiveness to birinapant.  
4.8 TNFR2 is mechanistically involved in the response to SM 
TNFR2 is not only a predictive marker but is also mechanistically necessary for SM response in patient-
derived B-ALL. Both TNFR1 and TNFR2 knockouts expanded in vivo under treatment with birinapant 
and showed a dramatically increased resistance to birinapant ex vivo, although the resistance is not 
complete and the expansion kinetics are slower than RIP1ko. This indicates that TNFR1 and TNFR2 
cooperate to induce RIP1-dependent cell death in response to SM. Interestingly, TNFR1 and TNFR2 
knockouts showed no growth disadvantage in vivo compared to the wild type cells before treatment, 
indicating that the cells are not dependent on TNFR1/2 signaling for proliferation and survival, and the 
same was observed for TNFα knockouts (data not shown). If the response is confirmed to be TNFα-
independent, this would indicate a receptor-dependent but ligand-independent role of TNFRs in RIP1-
mediated death, where TNFR1 and 2 could be necessary for their scaffold function. 
Figure 9A TNFR2 expression during B cell development. In the mature B cell stage, the colors indicate the following: in blue 
mature B cells able to switch, in orange mature B cells, and in grey class switched mature B cells (data extracted from the 
Differentiation Map163). B TNFR2 expression in cancer cell lines (data obtained from the Cancer Cell Line Encyclopedia164). 
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To understand the mechanism of crosstalk between TNFR2 and TNFR1 in RIP1-dependent cell death 
we overexpressed TNFR2 in ALL cell lines. We observed a RIP1-dependent sensitization to TNFα in 
cell lines, which reflected the birinapant response in TNFR2-high patient-derived samples, but had no 
effect on the response to birinapant. However, TNFR2-high patient-derived cells don’t show an 
increased sensitivity to TNFα (data not shown), stressing again differences between patient samples 
and cell lines. We attempted to overexpress TNFR2 in non-responders but the positive population didn’t 
expand, suggesting that samples with low TNFR2 basal levels might be sensitive to its overexpression. 
Additionally, the transduction levels were low, making it difficult to monitor the population.  
Some mechanisms of crosstalk between TNFR1 and TNFR2 have been described, including ligand 
passing effect118, and the abrogation of NF-kB pro-survival signaling after TNFR2-induced TRAF2 
degradation88,102. However, we could not observe any of the previous mechanisms in the SM-responders 
compared to non-responders or to TNFR2 knockouts. We observed a decreased recruitment of RIP1 to 
TNFR1 in non-responders and TNFR2 knockout patient-derived samples compared to responders after 
birinapant treatment, indicating that TNFR2 facilitates the recruitment of RIP1 to TNFR1 and promotes 
cell death. A similar observation was reported in TNFR2 pre-stimulated cells, which showed increased 
TNFR1-dependent necroptosis and RIP1 recruitment in response to TNFα. The effect was proposed to 
be mediated by TRAF2 degradation, leading to a decreased steric hindrance at the TNFR1119. We 
propose that TNFR2 might exert a comparable role in the response to birinapant by displacing TRAF2 
or other shared interactors from TNFR1 (Figure 10).  
 
Figure 10. Proposed model for the regulation of the TNFR1-RIP1 death axis by TNFR2 in response to birinapant (model 
from manuscript 2). 
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To test this hypothesis we are adapting the TNFR1 co-immunoprecipitation method shown in 
manuscript 2 for mass spectrometry, and we will compare the TNFR1 complex in the presence or 
absence of TNFR2 and birinapant treatment. By understanding which of the changes that occur at the 
TNFR1 complex are regulated by TNFR2, we aim to identify the role of TNFR2 in SM response (Figure 
10). Additionally, TNFR2 knockout patient-derived cells could be reconstituted with various mutants 
of TNFR2, for instance unable to bind TRAFs or unable to induce TRAF2 degradation116. 
Understanding the mechanisms by which TNFR2 promotes RIP1-dependent cell death will help 
propose rational drug combination approaches. It could also contribute to the treatment of autoimmune 
diseases, which show elevated TNFR2 expression. TNFR2 agonism has been described to selectively 
induce cell death of autoreactive T cells in type 1 diabetes among others101,112, indicating a potential 
use of SM. 
In conclusion, we propose inducing alternative cell death mechanisms such as necroptosis as means to 
target the clinical challenges of drug resistance and relapse in cancer. Using the clinically relevant 
xenograft model and unbiased drug screening allowed the identification of SM as promising drugs for 
the treatment of ALL, as well as TNFR2 as a regulator of the cell death response. Overall, our work 
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One Sentence Summary: Ex vivo drug profiling identifies strong anti-leukemic activity of SMAC 
mimetics through simultaneous activation of two different cell death pathways, apoptosis and 
necroptosis, in resistant ALL.  
 
Abstract: More precise treatment strategies are urgently needed to decrease toxicity and improve 
outcomes for treatment-refractory leukemia. We used ex vivo drug response profiling of high risk, 
relapsed, or refractory acute lymphoblastic leukemia (ALL) cases and identified a subset with 
exquisite sensitivity to small molecule mimetics of the mitochondrial protein SMAC (SMAC 
mimetics, SM). Potent ex vivo activity of the SM birinapant correlated with dramatic in vivo anti-
leukemic effects, as indicated by delayed engraftment, decreased leukemia burden, and prolonged 
survival of xenografted mice. Anti-leukemic activity was dependent on simultaneous execution of 
apoptosis and necroptosis, as demonstrated by functional genomic dissection with a multi-colored 
lentiCRISPR approach to simultaneously disrupt multiple genes in patient-derived ALL. SM 
specifically targeted RIP1-dependent death, and CRISPR-mediated disruption of RIP1 completely 
blocked SM-induced death yet had no impact on the response to standard anti-leukemic agents. Thus, 
SM compounds such as birinapant circumvent escape from apoptosis in leukemia by activating a 
potent dual RIP1-dependent apoptotic and necroptotic cell death, which is not exploited by current 
therapy. Ex vivo drug activity profiling could provide important functional diagnostic information to 








Main Text:  
Introduction 
Despite aggressive application of targeted chemotherapy, acute lymphoblastic leukemia (ALL) 
patients with persistent minimal residual disease (MRD), drug refractory, and/or relapsed disease still 
have a poor prognosis (1, 2) . With increasing knowledge of the genomic landscape of ALL, disease-
specific oncogenic lesions amenable to personalized treatment approaches are increasingly 
identifiable (3). Nonetheless, the efficacy of such targeted agents can be undermined by general 
deregulation of cell death pathways. Indeed, failure to undergo chemotherapy-induced apoptosis 
constitutes a key mechanism for drug resistance and clonal escape (4). Thus, alternative strategies to 
reactivate cell death pathways are being actively pursued, but as of yet none have reached wide 
clinical application (5, 6). 
The cellular inhibitor of apoptosis proteins (IAPs: cIAP1, cIAP2, and XIAP) are often overexpressed 
in cancer and contribute to drug resistance (7, 8). IAPs inhibit programmed cell death through a 
number of mechanisms, including direct inhibition of caspases (9) and ubiquitination of receptor-
interacting protein kinase 1 (RIP1) (10). Whereas RIP1 can act as a potent activator of multiple forms 
of programmed cell death (11), its ubiquitination by cIAPs  mediates pro-inflammatory signaling via 
NF-κB (10, 12), and RIP1 can flip roles to become an inhibitor of apoptotic and necroptotic cell death 
(13–15). Thus, RIP1 acts as a key convergence point between pro-death, pro-survival, and pro-
inflammatory signals, as detailed in a number of recent reviews (16–18). To short-circuit the ability of 
cIAPs to rewire pro-death into pro-survival signals, small molecule peptidomimetics of the secondary 
mitochondria-derived activator of caspases (SMAC) have been developed. These SMAC mimetics 
(SM) promote cell death through inhibition of IAP proteins (19, 20).   SM compounds have been 
demonstrated to induce degradation and direct inhibition of IAP proteins and drive cell death as single 
agents in a number of cancer cell lines (21, 22). The potential for application of promising SM 
compounds in leukemia has yet to be fully examined.  
Herein we show that a subset of ALL samples exhibits high sensitivity to SM-induced cell death in 
vitro and in vivo, with IC50 values below 100 nM. We use CRISPR-based genetic disruptions and 
pharmacologic interference to show that SM induces simultaneous activation of RIP1-mediated 
apoptosis and necroptosis in a manner not similarly exploited by current chemotherapeutic drugs. Our 
data provide strong evidence for high anti-leukemic activity of SM in relapsed ALL and suggest 
functional drug response profiling as a tool to identify those patients who are most likely to benefit 
from SM treatment. Such ex vivo drug profiling could be applied to improve personalized treatment 
decisions for individual patients as we recently showed for the BCL-2 inhibitor venetoclax in TCF3-






Drug profiling identifies ALL with high sensitivity to SMAC mimetics 
Given our previous identification of RIP1-dependent necroptosis as a mechanism to overcome drug 
resistance in ALL (24), we were interested in investigating additional drugs that could activate RIP1-
dependent cell death. On the basis of promising SM activity in a large scale ALL drug-screening 
platform previously described (23, 25), we performed focused testing of SM response on a set of 51 
patient-derived B cell precursor ALL xenografts enriched for samples from relapsed and drug-
resistant disease (table S1A,B). ALL xenografts retain important genotypic, clonotypic, and 
phenotypic characteristics of primary patient samples and thus constitute a logical model to 
investigate refractory disease (26, 27). Response to the bivalent SM compound birinapant varied 
greatly, with IC50 values in the low nanomolar range (<250 nM) in 17 of 51 cases (Fig. 1A). No 
toxicity was observed towards non-tumorigenic mesenchymal stromal support cells used in this co-
culture assay, suggesting the existence of a therapeutic window (fig. S1A, B).Samples from high-risk 
or relapsed patients (labeled as very high risk, VHR; high risk, HR, or relapse, R) were among highly 
birinapant-sensitive cases. Similar response profiles were found for the monovalent SM compound, 
LCL-161 (6), although with reduced potency (fig. S1C). In addition, cases with moderate sensitivity 
to SM were also detected in T-cell ALL (fig. S1D).  
We next evaluated the anti-leukemic activity of SM in vivo using xenografted mice. Birinapant 
treatment initiated shortly after ALL transplantation delayed disease progression in three cases 
identified as highly SM-sensitive (Fig. 1B-D). Complete responses, as defined by the absence of 
leukemic cells within the blood detectable by flow cytometry, could also be achieved in these three 
cases when birinapant treatment was initiated after more than 30% leukemic engraftment (Fig. 1E-G), 
which corresponds to extensive extramedullary and complete bone marrow involvement. Treatment 
rapidly decreased the leukemic load in peripheral blood (Fig. 1E-G) and significantly delayed disease 
progression to experimental endpoints (Fig. 1H-J). In vivo efficacy of birinapant in delaying 
progression was less pronounced in two samples with lower SM sensitivity in vitro (Fig. 1K-P). Of 
note, we did not detect in vivo activity of LCL161 in 2 highly sensitive patient samples, perhaps 
because of the lower potency of LCL161 (fig. S1E-J). Thus, our in vitro drug profiling identified a 
subset of primary ALL samples with high ex vivo SM sensitivity (IC50<250 nM for 17 of 51 primary 
ALL samples tested), which predicted anti-leukemic efficacy in vivo in the xenograft model.  
SM treatment induces varying activation of both apoptosis and necroptosis 
To analyze the mechanism by which SM compounds induce cell death, we examined SM dose 
response curves of SM-sensitive patient samples in the presence of pharmacological inhibitors of 
apoptosis (pan-caspase inhibitor zVAD) and/or necroptosis (RIP1- kinase inhibitor necrostatin-1, 




SM-induced cell death varied greatly between patient samples. Specifically, R-03 cells required 
simultaneous application of zVAD and necrostatin for rescue from birinapant (Fig. 2A) whereas 
VHR-10 cells showed no significant rescue with the addition of both death inhibitors (Fig. 2B). To 
further investigate the heterogeneity of birinapant response, we screened a larger cohort of patient 
samples using these death inhibitors.  The contribution of apoptosis and/or necroptosis varied greatly 
among patient samples (Fig. 2A-J), revealing the following death phenotypes: necroptotic samples 
were rescued by nec alone (Fig. 2C,D), mixed death phenotype samples were rescued only by a 
combination of zVAD and nec (Fig. 2E), and some samples were not rescued by any combination of 
inhibitors (Fig. 2F). None of the samples tested showed a purely apoptotic phenotype, and inhibition 
of RIP1 kinase with necrostatin alone actually decreased cell viability in a small number of cases, 
which was not subsequently rescued by zVAD (Fig. 2F). Similar cell death patterns were detected for 
birinapant and LCL161 (Fig. 2G-J). Taken together, these data indicate that SM treatment induces 
variable activation of apoptotic and necroptotic cell death in SM-sensitive patient samples.  
Differential expression of TNFα, RIP1, RIP3, or IAPs does not predict SM response 
SM treatment-induced expression of TNFα is an important driver of SM-induced cell death. To 
investigate the role of TNFα expression in the response to SM, we performed a qPCR analysis of 
TNFα mRNA with and without birinapant treatment in 16 patient samples. There was no significant 
difference in the expression of TNFα in samples with high or low sensitivity to birinapant, and an 
increase in TNFα expression upon birinapant treatment for 6 h could only be detected in two out of 
the 16 cases tested (Fig. 3A, median increase of 1.156 fold and 0.9475 fold, respectively). We also did 
not observe significant phosphorylation of p65, a marker for canonical NF-κB activation by TNFα, 
after SM treatment in SM-sensitive cells (Fig. 3B). Blocking TNFα signaling with a specific blocking 
antibody only partially decreased the response to SM in sensitive cells (Fig. 3C). In contrast, TNFα 
blockade was highly effective in a control experiment using a patient sample that only became SM-
responsive when exogenous TNFα ligand was added (fig. S2A). Overall, these data indicate that ALL 
responsiveness to SM is not determined by differential TNFα expression, and seems only partly 
dependent on ligand signaling.  
We next tested whether varying expression of key players of the apoptotic and necroptotic response 
might explain differential response to SM in patient samples. By western blot, we observed no 
consistent correlation of cIAP1, cIAP2, XIAP, caspase-8, FADD, RIP3, MLKL, or RIP1 protein 
expression with sensitivity to SM (Fig. 3D). Furthermore, SM treatment induced efficient degradation 
of cIAP1 in both sensitive and non-sensitive samples (fig. S2B). These data indicate that neither 
differential expression of mediators of the apoptotic and/or necroptotic death programs nor SM-
induced degradation of cIAP1 correlate with response to SM in primary ALL.  




In leukemic cell lines, only moderate response to single agent birinapant was detected in 2 of 5 cell 
lines tested (Fig. 4A). Consistent with previous observations in other cell lines (21, 28), addition of 
TNFα greatly sensitized the majority of ALL cell lines to SM (Fig. 4B). In contrast to patient-derived 
cells, apoptotic responses predominated in cell lines, with only Jurkat cells recapitulating a mixed 
death phenotype (Fig. 4C). This mixed cell death phenotype does not appear to be driven by 
underlying clonal differences within the population, because a single cell clone line of Jurkat cells 
responded with similarly mixed cell death (fig. S3A).  Thus, rather than consisting of different 
populations that respond by either necroptosis or apoptosis, we observe Jurkat cells to activate 
apoptosis and necroptosis simultaneously (fig S3B,C).   
To explore the genetic pathways involved in the response to SM we have adapted a lentiCRISPR gene 
disruption approach (29, 30). Using FACS sorting of cells transduced with fluorescently labelled 
lentiCRISPR vectors, we were able to disrupt single or multiple genes simultaneously without single 
cell cloning steps (fig. S3D). To assess the role of RIP1 in the response to SM, we first targeted RIP1 
for genetic disruption in four leukemic cell lines (Fig. 4D).  Loss of RIP1 resulted in a potent rescue 
from SM-induced cell death in both partially SM-sensitive (Fig. 4E,F), and SM/TNFα-sensitive cell 
lines independently of the mode of cell death (Fig. 4G-J). Consistent with previous reports (31), loss 
of RIP1 did not inhibit moderate cell killing by TNFα alone (Fig. 4H,J). These results show that SM-
induced death is strictly dependent on RIP1 function. 
To dissect the mediators of apoptosis and necroptosis downstream of RIP1, we disrupted apoptotic 
mediators (FADD or Casp8), necroptotic mediators (RIP3 or MLKL), or a combination thereof in 
Jurkat cells. Sorting of multi-color lentiCRISPR cell subsets yielded single and double knockout cell 
lines with no need for single cell cloning (Fig. 4K). Targeted disruption of apoptotic (Fig. 4L) or 
necroptotic mediators (Fig. 4M) resulted in little or no rescue of cell death. Only combined disruption 
of both apoptosis and necroptosis significantly blocked response to SM treatment (Fig. 4N,O). 
Combined pharmacological inhibition and genetic disruption also confirmed that cells fully switch to 
the alternative pathway when a single pathway is inhibited (Fig. 4P and fig. S3E). In the leukemic cell 
lines observed above to be apoptotic (658w, Nalm6, and CEM-C7), SM-induced death was rescued 
completely by disruption of a single apoptosis gene (fig. S3F). Western blotting shows that these 
apoptotic leukemia cell lines lack RIP3 expression, whereas the amounts of RIP1, CASP8, FADD, 
and MLKL were similar compared to the mixed phenotype Jurkat cells, explaining the lack of 
necroptosis observed within these cells (fig. S3G). Thus, functional dissection using lentiCRISPR 
reveals genetic requirements for distinct death phenotypes in ALL and supports the notion that SM 
can drive activation of RIP1-dependent apoptotic and necroptotic cell death. 
To validate RIP1 as the mediator of SM-induced cell death in vivo, we next transduced primary SM-
sensitive ALL samples with lentiCRISPR targeting RIP1 (LC-EGFP-RIP1). After engraftment, we 




(Fig. 5A). Western blotting shows that EGFP+ cells have a clear decrease of RIP1 expression relative 
to EGFP- and untransduced control cells after sorting (Fig. 5B left). The proportion of EGFP+/RIP1-
disrupted cells remained stable during engraftment, indicating that similar to leukemic cell lines, RIP1 
loss does not confer a growth disadvantage for these leukemia subtypes (Fig. 5A-C and fig. S4A). 
This is in contrast to previous observations in normal bone marrow, where RIP1 deficiency can cause 
bone marrow failure (32).  
As hypothesized, birinapant treatment resulted in a selective expansion of the EGFP+/RIP1-deficient 
hCD19+ leukemic cells (Fig. 5A-C). Similar expansion of EGFP+/RIP1-deficient cells after SM 
treatment was observed in 7 SM-sensitive patient samples (Fig. 5A-K). After birinapant treatment, 
both EGFP-positive and EGFP-negative subpopulations exhibited loss of RIP1 (Fig. 5B,E), likely 
because of the low EGFP expression in some cells, and we were able to detect integrated RIP1-
specific sgRNA in EGFP- cells after birinapant treatment (fig. S4B). We also confirmed that there was 
no loss of RIP1 after treatment of untransduced patient cells (fig. S4C). Overall, these results show 
that RIP1 expression is not required for leukemic propagation and is essential for SM-induced death 
in vivo.  
We next recapitulated our double knockout experiments to demonstrate parallel induction of apoptosis 
and necroptosis in vivo. Colored lentiCRISPR constructs targeting key mediators of both pathways 
(LC-EGFP-RIP3, LC-mCherry-MLKL, LC-BFP-FADD, LC-RFP657-Casp8) were transduced into an 
SM-sensitive ALL xenograft (R-03). At 39 days after injection of transduced cells, we detected 
subpopulations of all expected cell types, with the curious exception of LC-RFP657-Casp8 (Fig. 
5L,M and S4D,E). Double-positive cells bearing lentiCRISPRs targeting apoptotic and necroptotic 
genes (RIP3/FADD or MLKL/FADD) were initially extremely rare, but expanded after SM treatment 
(Fig. 5L-N). In contrast, cells with single knockout or double knockout for two necroptosis genes 
(LC-EGFP-RIP3+/LC-mCherry-MLKL+) showed marginal or no outgrowth after treatment (Fig. 5L-
N). Control cells with non-targeted lentiCRISPRs also exhibited no selection after treatment (fig. 
S4F). To confirm genetic disruption in double and quadruple knockout cells, we isolated cells from 
the spleen, sorted and expanded them by xenografting, and found that the cells showed the expected 
loss of protein expression and presence of sgRNA sequences (Fig. 5O and fig. S4G). In addition, 
xenografts with targeted disruption of MLKL/FADD, RIP3/FADD or MLKL/RIP3/FADD/CASP8 
showed significantly decreased responses to birinapant in vitro, whereas sorted WT cells showed a 
response similar to untransduced control cells (Fig. 5P).  These results provide a proof of concept that 
multi-colored lentiCRISPR gene targeting can be used for focused in vivo dissection of signaling 
pathways directly in primary patient cells, and offer an alternative to established functional genomic 





RIP1 cell death pathways are not exploited by standard anti-leukemic therapies 
Having generated RIP1-deficient patient-derived ALL samples (fig. S5A), we next compared the in 
vitro drug response in WT and RIP1-deficient cells derived from two steroid-resistant high-risk 
samples and one steroid-sensitive standard risk sample. In a panel of 14 anti-leukemic drugs we 
observed a more than 50 fold increase in the IC50 of RIP1-deficient cells for birinapant and LCL161 
(Fig. 6A), but not for front-line anti-leukemic drugs dexamethasone, cytarabine, bortezomib, or 
preclinical compounds ABT-199 or JQ-1 (Fig. 6B-D and fig. S5B,C). In contrast to reports 
implicating RIP1-dependent signaling in the response to DNA-damaging agents such as vincristine, 
doxorubicin, or etoposide (34), loss of RIP1 in primary ALL samples did not affect response to these 
drugs (Fig. 6B). We also observed mostly unchanged sensitivity to a wider panel of chemotherapeutic 
drugs in the 658w-LC-EGFP-RIP1 patient-derived leukemic cell line that we generated as above (fig. 
S5D). RIP1-deficient 658w cells showed a somewhat attenuated response to some drugs, in particular 
to obatoclax, but this was not seen in primary patient cells.  Overall, these data indicate that RIP1-
dependent death is not exploited by standard chemotherapeutics, identifying a distinct vulnerability 
targeted by SM in refractory and relapsed ALL.  
Discussion 
There is an urgent need for the development of new treatment approaches for patients with relapsed 
ALL who do not respond to current therapy (35). To date, only a few second-line drugs are available 
for salvage treatment of chemoresistant disease. Herein, we have shown that birinapant, a SMAC 
mimetic compound currently in phase II clinical trials for application in various solid and 
hematological malignancies (20), induces potent leukemic cell death through parallel activation of 
RIP1-dependent apoptosis and necroptosis (Fig. 5D), and has strong anti-leukemic efficacy in vivo in 
a subset of primary ALL, including cases with relapsed and refractory disease.  
To dissect the signaling pathway underlying the anti-leukemic potency of birinapant, we have adapted 
a lentiCRISPR gene disruption approach previously used for large-scale screening of knockout cell 
lines and tumor modelling in mice (29, 30). We provide proof of concept that multi-colored 
lentiCRISPRs can be applied for genetic dissection in vitro and in vivo directly in primary human 
cancer. Given recent improvements in humanized mouse models for studying human disease (36),  the 
development of multi-colored CRISPR-Cas9 lentiviral constructs provides an alternative to previously 
established in vivo functional genomic strategies (33, 37, 38) with specific focus on dissecting the 
complex interaction of several genes which contribute to a specific phenotype. Our demonstration that 
simultaneous disruption of two distinct cell death pathways downstream of RIP1 is necessary to block 
SMAC mimetic response underlines the power of this approach for disentangling genetic redundancy. 
The ability of SM-treated ALL cells to switch between apoptotic and necroptotic programmed cell 




contraction (39), suggesting that engaging both death pathways could represent a distinct vulnerability 
in lymphoid malignancies. Indeed, such dual death activation could circumvent clonal escape, a driver 
of drug resistance (8, 40) from either death mechanism. We consistently detected a contribution of the 
necroptotic pathway to SM-induced cell death in primary patient material, with no sample undergoing 
a purely apoptotic cell death, supporting the notion that the necroptotic pathway may constitute a 
particular Achilles’ heel for targeted therapy in refractory disease (24). Upstream of this dual death 
activation, our data pinpoint RIP1 as the critical target of SM-induced cell death. RIP1-deficient ALL 
displayed no defect in the response to several front line chemotherapeutic agents, providing a strong 
argument that RIP1 deficiency is unlikely to be selected for in resistant cases that have been subjected 
to multiple rounds of chemotherapy. Consistent with this, we observed no consistent variation in the 
expression of RIP1 within patient-derived samples. Our finding that RIP1-deficient cells show normal 
sensitivity to DNA-damaging agents (doxorubicin and etoposide) is in stark contrast to a number of 
reports detailing activation of the cytosolic RIP1-dependent ripoptosome complex in response to 
DNA damage in other cancer cell line models (34, 41, 42). The reason for this discrepancy is not 
readily clear, but could perhaps be ascribed to cell type differences, because previous studies used cell 
lines derived from solid tumor models. Strategies to combine SM with RIP1-activating 
immunostimulatory agents such as IFN (43, 44) or PAMPs (45) may be highly effective, as has 
recently been demonstrated using oncolytic viruses or immunostimulatory agents in breast cancer 
xenografts (46). 
Immunodeficient mice used for xenografts of primary human ALL lack a functional immune system. 
In this setting, the influence of functional immune cells cannot be studied. At this point in time, there 
are no syngeneic mouse models available to model drug-resistant or relapsed ALL. As for many other 
preclinical studies of this kind, the potential of new agents can ultimately only be assessed in 
appropriately planned clinical trials. The importance of the IAPs as chemotherapeutic targets has long 
been recognized (47), but potential toxicity and low single-agent efficacy of monovalent SM 
compounds have so far hindered their clinical application (19, 48).  
Our data imply that strong anti-leukemic activity of SM will depend on adequate selection of SM-
sensitive ALL patients.  Despite the clear implication of RIP1 and its downstream mediators in the 
leukemic response to SM, expression of these proteins is not predictive of SM sensitivity. Although 
extended genetic and functional screening may yet reveal predictive markers of SM response, our 
results thus far highlight the need for alternative means to identify sensitive patients. Ex vivo drug 
response profiling could provide an important functional layer of information for clinical application 
of SM treatment. Similar approaches are increasingly being incorporated into diagnostic work-flows 
to identify candidate drugs for the treatment of relevant patient groups  (23, 49, 50).  
Taken together, our results provide a rationale for the further development of birinapant and other SM 




a potent dual activation of both apoptosis and necroptosis, which is not exploited by contemporary 
chemotherapy, provides a strong argument to evaluate SM compounds for personalized treatment of 
refractory and relapsed ALL patients. 
 
Materials and Methods 
Study design: 
The goal of this study was to assess the anti-leukemic potential of SMAC mimetics in drug-resistant 
and relapsed ALL ex vivo and in vivo, based on the initial finding of specific anti-leukemic activity of 
SMAC mimetics against primary ALL samples. Furthermore, we aimed to delineate the mode of 
action on a molecular level, and to identify the key players that control and mediate SM-induced cell 
death. To achieve this, we used in vivo anti-leukemic activity assays in xenograft models and 
developed a CRISPR-based genome editing methodology that allowed simultaneous disruption of 
several candidate genes in primary human tumor samples. Sample sizes were chosen based on 
previous experience that included statistical evaluation. 
Human samples: 
Xenografts were obtained from primary human ALL samples recovered from cryopreserved bone 
marrow aspirates of patients enrolled in the ALL-BFM 2000, 2009, and ALL-REZ-BFM 2002 
studies. Informed consent was given in accordance with the Declaration of Helsinki, and approval was 
granted by the ethics commission of the Kanton Zurich (approval number 2014-0383). Samples were 
classified as standard risk (SR), medium risk (MR), high risk (HR), very high risk (VHR), 
morphological non-responders (MNR), or relapse samples (R) according to the clinical criteria used in 
the ALL-BFM 2000 study (24, 26).  
LentiCRISPR: 
Multi-colored LentiCRISPR plasmids were derived from the LentiCRISPR v1 plasmid (Addgene 
Cat# 49535) (29). Puromycin resistance cassette was removed using NheI and MluI restriction 
enzymes, and plasmids were cloned with fluorescent EGFP, TagBFP (Addgene Cat#44247), 
mCherry, or RFP657 (Addgene Cat#31959) sequences by standard restriction cloning technique.  
Cloning of sgRNA into lentiCRISPR plasmids was performed with a single-tube restriction and 
ligation protocol (see Supplementary Methods).  
A number of sgRNA sequences were screened for gene disruption activity in cell lines using western 
blotting, and the most effective were chosen for further experiments. The specific sgRNAs used are 





Drugs and chemicals: 
Recombinant human TNFα was purchased from Gibco/Life Technologies (Cat# PHC3011), TNFα 
neutralizing antibody was purchased from Cell Signaling (Cat# 7321), birinapant (TL32711) was 
purchased from Selleckchem (Cat# S7015) for in vitro studies and from ChemieTek (Cat# CT-Biri) 
for in vivo studies, Z-VAD-FMK was purchased from Apex BIO (Cat# A1902), Necrostatin-1s was 
purchased from BioVision (Cat# 2263-1), and LCL-161 from Novartis. 
For live cell microscopy, Jurkat cells were treated as indicated and stained directly with propidium 
iodide and CellEvent Caspase-3/7 substrate (Life Technologies, Cat# C10423) for 30 min. Live 
microscopy was then performed using Zeiss Axio Observer fluorescence microscope under cell 
culture conditions (37°C and 0.5% CO2) to track changes in cell viability over time.  
Biochemical assays:  
Complete methods for in vitro viability measurement, western blotting, and FACS staining are 
provided in the supplementary methods section. 
In vivo experiments: 
106 patient-derived ALL cells were transplanted intravenously into immunodeficient 
NOD/SCID/IL2rγnull (NSG) mice. For in vivo experiments, birinapant was dissolved in 12% Captisol 
(Ligand Pharmaceuticals) with 0.1% Tris at pH 6.8. Birinapant was given daily by intraperitoneal 
injection at 30 mg/kg during the indicated periods. The leukemic engraftment was measured weekly 
by FACS quantification of human leukemic cells in peripheral blood after red blood cell lysis and 
staining with hCD19-PE-Cy7 (Biolegend, Cat# 302208), hCD45-Alexa Fluor 647 (Biolegend, Cat# 
304018), and mCD45-eFluor 450 (eBioscience, Cat# 48-0451-82). Age and sex matched animals 
were assigned randomly to the treatment or vehicle groups. Results were derived from direct analysis 
of leukemic engraftment in blood and thus no blinding was necessary.  Animal sample sizes were 
chosen to minimize the number of animals used, because inter-animal variation in leukemic 
engraftment was generally low. No animals were excluded from analysis. In vivo experiments were 
approved by the veterinary office of the Canton of Zurich.  
For LentiCRISPR gene disruption in patient-derived xenografts, cells were placed in monoculture in 
RPMI + 10% FBS and incubated at 37 ºC for 24 hours. Cells were then exposed to high titer 
LentiCRISPR vector (MOI≥1) in the presence of 10 ng/mL polybrene. After 24-48 hours, cells were 
washed 3 times with PBS and injected directly into NSG mice. Mice were then bled and the blood 
examined at varying time points for expression of hCD19 and appropriate fluorescent markers.    
Statistics: For in vivo birinapant treatment experiments, the significance of divergence of survival 




we used student’s t test to detect significant divergence between test conditions. Statistical analysis 
was performed using GraphPad Prism 5 software package.  
 
Supplementary materials 
Supplementary Materials and Methods 
Fig. S1.  ALL patient samples are sensitive to LCL161 in vitro but not in vivo.  
Fig. S2. TNF blocking effectively rescues TNF-dependent sensitization to birinapant. 
Fig. S3. Birinapant induces dual activation of apoptosis and necroptosis in ALL cell lines.  
Fig. S4. In vivo birinapant treatment selects strongly for CRISPR driven RIP1-deficient cells. Fig. S5. 
RIP1 is not required for response to a wide range of chemotherapeutic agents. 
Table S1. Patient characteristics  
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Figure legends 
Fig. 1. Drug profiling identifies a cohort of ALL highly sensitive to SMAC mimetics. (A) ALL 
xenografts derived from standard risk (SR), high risk (HR), very high risk (VHR), and relapse (R) 
patients were treated with varying doses of birinapant for 48 hours. IC50 values were calculated based 
on viability staining and automated microscopy. (B-D) NSG mice were injected i.v. with 106 SM-
sensitive leukemic cells and treated starting on day 2 after injection with 30 mg/kg of birinapant daily 
for two 2-week blocks separated by a 2-week recovery. Graphs show the proportion of human CD45+ 
cells within the nucleated blood cell fraction of vehicle (red lines) and birinapant treated (blue lines) 
animals as measured by flow cytometry. (E-G) Leukemic mice were treated as above with a single 2-
week block of birinapant treatment starting at engraftment of >30% hCD45+ cells as determined by 
flow cytometry (treated group in green). (H-J) Survival plots for vehicle controls or mice with treated 
before or after engraftment for 3 different SM-sensitive patients-derived xenografts. n≥3 mice per 
group. (K-P) Experiments were performed similarly to the ones above, but using patient samples with 





Fig. 2. SMAC mimetics induce both apoptosis and necroptosis. (A,B) Patient-derived ALL cells in 
co-culture with MSCs were treated with varying doses of birinapant alone (black) or in combination 
with 25 µM zVAD (blue), 25 µM necrostatin (red), or both zVAD and necrostatin (green). Curves 
were calculated from the mean  SEM of three experiments and show the relative number of live cells 
compared to DMSO controls. (C-F) Experiments were performed as above with a larger number of 
patient samples. Curves show the number of live cells at the indicated concentrations in a single 
experiment performed in duplicate for each patient sample. (G) The viability of patient samples at the 
birinapant IC50 in the presence or absence of death inhibitors is shown. Patients are grouped based on 
the pattern of rescue achieved with the death inhibitors. (H) Pie chart shows the proportion of patient 
cells grouped as necroptotic (red), mixed cell death (green), no rescue (gray), or nec sensitive 
(orange). (I-J) Patient samples were screened as above, using LCL161 instead of birinapant.  (n=1 
experiment in duplicate × 15 patient samples). 
 
Fig. 3. Differential expression of TNFα, RIP1, apoptotic, or necroptotic mediators cannot 
explain ALL response to SM. (A) SM-sensitive xenograft cells were placed in monoculture with or 
without birinapant treatment and examined after 6 hours, after which cells were lysed and examined 
for TNFα expression by RT-PCR. (B) Xenograft cells were examined by western blotting for p65 
phosphorylation at the indicated time points of birinapant incubation as shown. (C) SM-sensitive 
xenograft cells were co-cultured with MSCs and treated with varying doses of birinapant in the 
presence (red lines) or absence (black lines) of 1 µg/mL TNFα blocking antibody. After 48 hours, 
cells were stained for viability and examined via automated microscopy. Graphs show the mean 
±SEM from 3 experiments performed in duplicate.  (D) A panel of 12 patient-derived xenografts with 
varying SM sensitivity was examined by western blotting to assess expression of various apoptotic or 
necroptotic mediators. 
 
Fig. 4. RIP1 drives SM-induced apoptosis and necroptosis. (A) Leukemic cell lines were treated 
with varying doses of birinapant as shown for 48 hours. Viability was assessed using CCK-8 
colorimetric cell viability assay. (B) Leukemic cells were similarly treated with varying doses of 
birinapant in the presence of 10 ng/mL human TNFα. (C) Leukemic cell lines were treated with 
birinapant (500 nM) and TNFα (10 ng/mL) in the presence or absence of zVAD (blue), nec (red), or 
both (green). Viability was assessed as above and normalized to untreated control. (D) Four different 
leukemic cell lines were transduced with LentiCRISPR-EGFP targeting RIP1. Cells were subjected to 
2 rounds of sorting to generate cell lines with ≥90% disrupted RIP1 expression as assessed by western 




varying doses of SM as shown for 48 hours. Cell viability was assessed using CCK-8 colorimetric 
viability assay. (G-J) RIP1-WT (dashed red line) and RIP1-CRISPR (solid black line) cell lines were 
treated as above with varying doses of birinapant in the presence of 50 ng/mL TNFα. (K) Jurkat cells 
were transduced with LentiCRISPR carrying varying fluorescent tags and sgRNA sequences targeting 
Casp8, FADD, RIP3, and/or MLKL. Various single and double knockout lines were purified through 
at least 2 rounds of sorting to generate cell lines with disrupted expression as shown in the western 
blot. (L) Apoptotic CRISPR, (M) necroptotic CRISPR, or (N,O) apoptotic/necroptotic CRISPR cells 
were treated with varying doses of birinapant in the presence of 50 ng/mL TNFα. Viability was 
assessed at 48 hours after treatment using CCK-8. (P) Various CRISPR cell lines were treated with 
birinapant and TNFα alone (black) or in combination with zVAD (blue), nec (red), or both (green) as 
shown. All graphs show the mean  SEM of at least 3 experiments performed in duplicate.  
 
Fig. 5. RIP1 is required for SM-induced apoptosis and necroptosis in leukemia xenografts in 
vivo. (A) 106 highly SM-sensitive patient-derived xenograft cells (R-03) were transduced with 
LentiCRISPR-EGFP targeting RIP1 for 2 days and then injected into NSG mice. At weekly intervals 
after transplantation, the proportions of hCD45+ and GFP+ cells were assessed by flow cytometry. 
Treatment with 30 mg/kg of birinapant was initiated at day 14 and continued until the end of the 
experiment. (B) Cells from mice sacrificed before treatment with birinapant (left) and after treatment 
with birinapant (right) were sorted by EGFP expression and examined for RIP1 expression by western 
blot. Control cells (con) were untransduced xenograft cells derived from the same patient sample. (C) 
The proportion of EGFP+ among gated hCD45+ cells over the course of the experiment is shown; 
n=2 mice. (D-F) Targeted RIP1 disruption was performed in additional patient-derived xenograft cells 
(VHR-10) as above. Mice were examined for engraftment and EGFP expression in hCD45+ cells and 
RIP1 expression as described above; n=2 mice. (G-K) Additional patient samples were treated as 
above and examined for outgrowth of EGFP+ cells, n=1 mouse per patient. (L-M) Highly SM-
sensitive primary cells (R-03) were transduced with LentiCRISPRs targeted against CASP8, FADD, 
RIP3, and/or MLKL for 2 days and then injected into NSG mice. Treatment with birinapant was 
initiated at day 46 and continued until the end of the experiment. Mouse peripheral blood was 
examined for engraftment and fluorescent markers at varying time points. Graphs show pre-gated 
populations to exclude triple and quadruple positive cells. (N) Fold change in proportion of exclusive 
single and double positive populations from initial detection over the course of the experiment (graph 
shows the mean result from 2 mice of each type).  Populations of WT, double knockout, and, 
quadruple knockout cells from above were expanded via xenograft and examined by (O) western blot 





Fig. 6. RIP1 cell death pathways are not exploited by standard anti-leukemic therapies. (A-C) 
WT and RIP1-CRISPR cells generated as described in Figure 5 from primary samples R-03, VHR-10, 
and SR-03 were co-cultured with mesenchymal stromal cells and challenged with increasing doses of 
various chemotherapeutic drugs for 48 hours. Cell viability was assessed by viability staining and 
automated microscopy, and the curves were calculated from the mean  SEM of 3 experiments. (D) 
The IC50 for the response of WT (open symbols) and RIP1-CRISPR (filled green symbols) cells from 
3 primary samples (VHR-10, R-03, SR-03) to various drugs is shown. Experiments show the mean 
from 3 independent experiments performed in duplicate. Inset shows the mean fold change in IC50 
for RIP1 deficient cells +/- SEM (E) Model showing the central role of RIP1 in mediating the 









































Supplemental Materials and Methods 
Cell culture: 
Jurkat, CEM-C7, Nalm6, patient-derived 658w cells, and hTERT-immortalized primary bone marrow 
mesenchymal stromal cells (hTERT-MSC) were cultured in RPMI-1640 (Sigma-Aldrich, Cat# 
R0883) supplemented with 10% fetal bovine serum (Sigma-Aldrich), 0.5% L-glutamine (Bioconcept), 
and 0.5% penicillin-streptomycin (Life Technologies). The medium was also supplemented with 1 
µM hydrocortisone (Sigma-Aldrich, Cat# H0888) for hTERT-MSCs. Cells were incubated at 37 ºC 
and 5% CO2. Co-culture experiments with xenograft-derived primary cells were performed in serum-
free conditions in AIM-V (Life Technologies, Cat# 12055-091). 
PCR-based mycoplasma testing was performed on all cell lines used. Mycoplasma-positive cells were 
treated with mycoplasma removal agent (Bio-Rad BUF035). 
Lentiviral vectors: 
Cloning of sgRNA into LentiCRISPR vectors was accomplished as follows in brief: vector, annealed 
sgRNA primers, Esp3I restriction enzyme (Life Technologies Cat# ER0451), and T4 DNA ligase 
(Life Technologies, Cat# EL0011) were combined in a single tube and subjected to 10 cycles of 37 °C 
for 5 minutes and 16 °C for 10 minutes for restriction and ligation respectively. Colony PCR was 
performed to identify clones with positive sgRNA insertion.  
Production of lentiviral vectors was performed according to standard protocol. In brief, 293T cells 
were transfected using polyethylenimine (Polysciences, Cat# 24765-2) with LentiCRISPR, pVSV.G 
plasmid (Addgene Cat# 8454), and psPAX (Addgene Cat# 12260) in a ratio of 4:1:1. Medium was 
changed after 4 hours, and virus was collected at 24, 48, and 72 hours after transfection of plasmids. 
Virus was concentrated for in vivo studies using ultracentrifugation at 25000 g for 2 hours. Viral 
transductions were performed using hexadimethrine bromide (Sigma-Aldrich, Cat# H9268) and viral 






Western blot analysis: 
3 × 105 cells were lysed in 1x SDS loading buffer (62.5 nM Tris pH 6.8, 1% SDS, 0.005% 
bromophenol blue, 4% glycerol, 1% (v/v) ß-mercaptoethanol). Cell lysates were separated by SDS-
PAGE (Criterion XT Precast Gels, BIO-RAD, 4-12% Bis-Tris, Cat# 345-0125) and transferred onto 
nitrocellulose membranes (Trans-Blot Turbo transfer pack, BIO-RAD, Cat# 170-4159). Membranes 
were blocked with 5% non-fat milk, and the following antibodies were used: mouse anti-RIP1 form 
BD Biosciences (Cat# 51-6559), mouse anti-caspase 8 (Cat# 9746), rabbit anti-FADD (Cat# 2782), 
rabbit anti-phospho-NF-κB p65 (Cat# 3033), and rabbit anti-NF-κB p65 (Cat# 4764) from Cell 
Signaling, mouse anti-tubulin (Sigma-Aldrich, Cat# 081M4861), rabbit anti-RIP3 from Abnova (Cat# 
PAB0287), and rat anti-MLKL from Millipore (Cat# MABC604). Horseradish peroxidase-conjugated 
goat anti-mouse, goat anti-rabbit, and goat anti-rat antibodies from Cell Signaling (Cat# 7076, 7074 
and 7077) were used as secondary antibodies. SuperSignal West Femto Maximum Sensitivity 
Substrate (Thermo Scientific, Cat# 34096) was used for detection. All western blots shown are 
representative of at least two independent experiments.  
Viability assays: 
For cell lines, 5000 cells were plated in 50 µL in 384-well plates (Greiner, Cat#781090), treated in 
triplicate as indicated the following day, and incubated for 48 h. Viability was assessed using CCK-8 
viability assay. In brief, 5 µL of CCK-8 reagent (Dojindo Laboratories, Cat# CK04-13) were added 
per well, and absorbance was measured with a Synergy HT Microplate Reader (BioTek) after 1 hour 
of incubation. The absorbance at 640 nm was subtracted from that at 450 nm. The resulting values 
were corrected by the background signal from medium alone. The experiments were performed three 
times. 
For patient-derived ALL cells, 2500 hTERT-MSC were plated in 384-well plates in 50 µL serum-free 
medium (AIM-V, Life Technologies, Cat# 12055-091). After 24 hours of incubation, 25000 ALL 
cells were added in 7.5 µL medium. The cells were treated the following day with birinapant (0.5, 5, 
50, or 500 nM), Z-VAD-FMK (25 µM), and/or necrostatin-1 (25 µM) as indicated in duplicate using 




µg/mL) when indicated. After 48 hours of treatment, live cells were stained with CyQUANT (Life 
Technologies, Cat# C35012) and quantified using microscopy and multi-parametric image analysis as 
described previously (21). All tested primary samples were included. 
TUNEL assay and active caspase-3 assay for flow cytometry: 
For primary cells, 4 x 105 hTERT-MSCs were plated per well in 2 mL AIM-V in a 6-well plate 
(Sarstedt, Cat# 83.3920). ALL cells were added the following day at a concentration of 3 x 106/well in 
400 µL. For Jurkat cell line, 106 cells were plated in 2 mL RPMI in a 6-well plate. The cells were 
treated with birinapant, TNFα (10 ng/mL), Z-VAD-FMK (25 µM), and/or necrostatin-1 (25 µM) as 
indicated for 24 hours. The cells were then stained with 0.25 µL Fixable Viability Dye eFluor 660 
(eBioscience, Cat# 65-0864) in 500 µL of PBS and incubated for 30 minutes at 4 ºC. The cells were 
fixed with paraformaldehyde 1% on ice for 15 minutes and permeabilized with ethanol 70% overnight 
at -20 ºC.  TUNEL assay was performed using APO-BrdU TUNEL Assay Kit (Invitrogen, Cat# 
A35126 and A35127) with minor modifications (4 µL BrdUTP, 0.375 µL TdT enzyme, 2.5 µL 
antiBrdU antibody) to the protocol. For active caspase-3 staining, the fixed and permeabilized cells 
were incubated with 20 µL FITC active caspase-3 antibody (BD Pharmingen, Cat# 51-68654X) in 
100 µL of perm/wash buffer 1x (BD Pharmingen, Cat# 554723) for 30 minutes at room temperature. 
Flow cytometry was performed on a BD FACS Canto II (BD Biosciences), and FlowJo (version 7.1.6, 
TreeStar) was used for data analysis.  
Quantitative RT-PCR for quantification of TNFα production 
RNA was extracted using the RNAeasy Mini Kit (Qiagen, Cat# 74106). Reverse transcription was 
performed with MultiScribe RT transcriptase (Life Technologies, Cat# 4311235). Real time PCR was 
performed with TaqMan Gene Expression Master Mix (Applied Biosystems, Cat# 436916) and the 
following probes: TNFα (Cat# Hs01113624) and GAPDH (Cat# Hs02758991) from Life 
Technologies. PCR reaction was performed using a 7900HT Fast Real-Time PCR System (Applied 










Fig. S1: ALL patient samples are sensitive to LCL161 in vitro but not in vivo. (A) Patient-derived 
ALL cells were co-cultured with mesenchymal stromal cells and exposed to varying doses of 
birinapant for 48 hours. Cells were stained with Cyquant to identify live cells. Raw image data 
gathered using automated microscopy of the co-culture drug screening system is shown. (B) 
Mesenchymal stromal cells were treated directly with high doses of birinapant (1.5 µM) with and 
without TNF. (C) ALL xenografts derived from B cell precursor ALL (BCP-ALL) standard risk (SR), 
high risk (HR), very high risk (VHR), and relapse (R) patients were treated with varying doses of 
LCL161. The bar graph shows the IC50 for response to LCL161 for these samples. (D) The IC50 of 
birinapant for a panel of T cell ALL patients was determined as described for BCP-ALL. (E,F) Mice 
were xenografted with SM-sensitive patient samples (R-03 and VHR10) and treated with LCL161 or 
vehicle control twice weekly with 50 mg/kg orally. (G,H) Xenografted mice were treated daily after 
they reached 30% engraftment with 30 mg/kg of LCL-161 intraperitoneally or vehicle control. (I,J) 
Survival curves for the above experiments (n=2-3 mice per experimental group).  
 
Fig. S2: TNF blocking effectively rescues TNF-dependent response to birinapant. (A) Patient-
derived xenograft cells were co-cultured with MSCs and treated with varying doses of birinapant in 
the presence of 50 ng/mL recombinant human TNF ligand and 1 µg/mL TNF-neutralizing antibody. 
Cells were stained for viability and examined by automated microscopy. Graph shows the mean 
viability normalized to control from 3 experiments performed in duplicate. (B) Patient-derived 
xenograft cells from high and low sensitivity cases were co-cultured with MSCs, treated for 2 hours 







Fig. S3: Birinapant induces dual activation of apoptosis and necroptosis in ALL cell lines. (A) 




were treated with birinapant and TNF in the presence of apoptosis and/or necroptosis inhibitors as 
shown. Cell viability was determined by CCK-8 viability staining. (B) Jurkat cells were treated with 
combinations of birinapant and TNF in the presence or absence of apoptosis or necroptosis inhibitors 
as shown. After 24 hours, cells were stained with TUNEL and fixable viability dye and examined by 
FACS. (C) Graphs show the mean ±SD percentage of apoptotic (TUNEL+/FVD+) and necroptotic 
cells (TUNELdim/FVD+) from 3 separate experiments. (D) Model of multi-colored LentiCRISPR gene 
disruption is shown. (E) Jurkat cells with specific disruption of RIP3 or FADD were treated for 
varying amounts of time with birinapant (500 nM) and TNF (50 ng/mL) as shown. Cells were stained 
for caspase activity (green) and propidium iodide exclusion (red, combined signal is shown as 
yellow), and examined via fluorescence microscopy. (F)  Various ALL cell lines with the targeted 
genetic disruptions shown were treated with varying doses of birinapant in the presence of TNFα (50 
ng/mL). Cell viability was examined by CCK-8 staining. Graphs show the mean viability normalized 
to untreated controls ±SEM from 3 experiments performed in duplicate. (G) The amounts of cIAP1, 
cIAP2, RIP1, and apoptotic and necroptotic mediators as indicated were assessed by western blotting 










Fig. S4. In vivo birinapant treatment selects CRISPR-driven RIP1-deficient cells. (A) Patient-
derived xenograft cells were transduced with LC-EGFP-RIP1 and injected into NSG mice. Mouse 
blood was examined weekly for engraftment and percentage of GFP+ cells via FACS. (B) PCR was 
performed to confirm integration of the RIP1-targeting sgRNA cassette in genomes of transduced 
patient cells after treatment with birinapant. (C) Cells derived from WT untreated control, WT after 
birinapant treatment, and LentiCRISPR-RIP1 after birinapant treatment were examined for RIP1 
expression by western blot. (D) Patient-derived cells from patient sample R-03 were transduced with 
LentiCRISPR targeted against CASP8, FADD, RIP3, and/or MLKL, transplanted into NSG mice, and 
treated in vivo with birinapant as described in the text. Mouse peripheral blood was examined for 
engraftment and the different fluorescent markers at varying time points. Graphs show the total 
engraftment (top), the percentage of each double, triple, and quadruple positive population (middle), 
and the percentage of each single positive population (bottom) among total blood lymphocytes. (E) 
Human CD19+ cells were examined by hierarchical gating for expression of fluorescent tags as 
shown.  (F) Cells from patient sample R-03 were transduced with non-targeted lentiCRISPRs 
expressing various fluorescent proteins. The experiment was performed as above. Graphs show the 
total engraftment (top) and the percentage of each population among total blood lymphocytes 
(bottom). (G) Sorted and re-transplanted ALL cells were examined for the presence of specific 






Fig. S5: RIP1 is not required for response to a wide range of chemotherapeutic agents. Control 
and RIP1-CRISPR cells derived from 3 patient samples (R-03, VHR-10, and SR-03) were examined 
for response to a variety of chemotherapeutic agents using in vitro co-culture with MSCs as described 
in the text. (A) Cells from LC-EGFP-RIP1 and WT cells for each patient sample were first examined 
for RIP1 expression via western blot. The response curves for (B) intrinsic apoptosis-inducing 
compounds and (C) front line anti-leukemic compounds are shown. (D) Non-targeted (black) and 






Table S1: Patient characteristics.  
(A) Patient characteristics for B cell precursor ALL samples tested 
Patient-ID/ 














SR-03 diagnosis   3.4 female G CCR 0.2398 4.86 
HR-09 diagnosis HHD 3.4 female G R 0.2519 99.9 
SR-04 diagnosis E2A-PBX1_T(1;19) 3.6 female G CCR 0.3636 >7500 
R-03 relapse (MNR) Hyperdiploid 5.7 female ND D 0.3903 52.5 
VHR-10 diagnosis   14.4 female P CCR 0.5557 332.6 
R-18 relapse (MNR)   11.2 female ND NA 0.7284 >1500 
HR-08 diagnosis MLL-AF4_T(4;11) 0.3 female G CCR 1.8 ND 
SR-13 diagnosis   4.2 female G CCR 5.424 >7500 
VHR-03 diagnosis 17.2 male P TD 5.918 137 
R-01 relapse (MNR) p53 mutated 9.6 female ND D 24.52 388 
R-10 relapse (MNR)   9.7 male ND D 26.91 5725 
VHR-30 diagnosis   9 female P D 41.22 1302 
VHR-27 diagnosis   2.8 male G CCR 57.72 1011 
HR-26 diagnosis MLL-AF4_T(4;11) 12.6 female G NA 72.5 ND 
R-14 relapse (MNR)   10.3 male ND D 83.31 >7500 
VHR-02 diagnosis 12.8 female P R 100 5000 
R-20 relapse   10.7 male G NA 204 >7500 
SR-22 diagnosis E2A-PBX1_T(1;19) 14.5 female P CCR 286.5 >7500 
SR-02 diagnosis Amplification AML1 12.2 male G CCR 378.2 1292 
SR-01 diagnosis   10.5 male G CCR 398.2 4893 
SR-10 diagnosis   7.3 male G CCR 424.5 597 
R-12 relapse (MNR)   11.8 male ND NA 466.8 >7500 
VHR-07 diagnosis MLL-AF4_T(4;11) 11.7 male P CCR 522.4 2091 
HR-03 diagnosis BCR-ABL_T(9;22) 16.9 female G CCR 526.7 >7500 
VHR-25 diagnosis Trisomy 8 17.1 female P NA 545.7 ND 




SR-12 diagnosis E2A-PBX1_T(1;19) 10.4 male G CCR 567.3 3477 
SR-24 diagnosis E2A-PBX1_T(1;19) 15.4 female P CCR 601 4287 
R-09 relapse (MNR)   3.3 male ND D 615.6 2432 
SR-11 diagnosis   6.1 male G R 783 >7500 
HR-11 diagnosis DS-ALL , MLL-ENL_T(11;19) 16.1 female G CCR 917.7 >7500 
SR-14 diagnosis ETV6-RUNX1_T(12;21) 5.8 male P NA 1028 >7500 
R-04 relapse (MNR)   9.8 male ND D 1090 >7500 
MR-01 diagnosis E2A-PBX1_T(1;19) 14.5 female P CCR 1352 >7500 
HR-21 diagnosis E2A-HLF_T(17;19) 15.5 female G TD 1404 >1500 
VHR-28 diagnosis BRC-ABL_T(9;22), HHD 16.9 female G CCR ≥1500 >7500 
SR-09 diagnosis  5.5 female G R ≥1500 >7500 
R-24 diagnosis E2A-HLF_T(17;19) 15.5 male G D ≥1500 >7500 




karyotype  17.6 male G 
D ≥1500 >7500 
VHR-12 diagnosis  15.3 female G R ≥1500 >7500 
HR-20 diagnosis E2A-HLF_T(17;19) 16.6 male G TD ≥1500 >7500 
VHR-04 diagnosis  5.7 female G CCR ≥1500 >7500 
VHR-01 diagnosis E2A-HLF_T(17;19) 14.1 male P R ≥1500 >7500 
R-19 relapse (MNR)  9.8 female ND NA ≥1500 ND 
R-17 relapse (MNR) p53 mutated 15.2 male ND NA ≥1500 >7500 
HR-13 diagnosis BRC-ABL_T(9;22) 9.1 male G CCR ≥1500 >7500 
SR-21 diagnosis E2A-PBX1_T(1;19) 14.6 male G CCR ≥1500 >7500 
HR-10 diagnosis MLL-AF4_T(4;11) 0.08 male P  ≥1500 >7500 
R-07 
relapse of HR-26 
(MNR) MLL-AF4_T(4;11) 12.6 female ND D ≥1500 ND 







(B) Patient characteristics for T cell ALL samples tested 
Patient-ID/ 










T-MR-15 diagnosis   5.4 male G R 203.5 
T-VHR-26 diagnosis   3.8 female P R 450.6 
T-MR-02 diagnosis   4.6 female G TD 622.5 
T-R-11 relapse   18.8 male NA D 901 
T-VHR-09 diagnosis   2.3 male P TD 908.7 
T-HR-10 diagnosis   2.2 male P R 914.7 
T-R-15 relapse   3.1 male NA D ≥1500 
T-MR-16 diagnosis T(4;7) 11 male G R ≥1500 
T-HR-15 diagnosis   18 male P R ≥1500 
T-SR-01 diagnosis   2 male P CCR ≥1500 
T-MR-04 diagnosis   14.3 male G CCR ≥1500 
T-MR-17 diagnosis   9 male G CCR ≥1500 
 
SR – standard risk* 
MR – medium risk* 
HR – high risk* 
VHR – very high risk* 
R – relapse 
G – good 
P – poor 
MNR – morphological non-responder (did not reach a bone marrow remission after 
induction and intensification chemotherapy at relapse) 
CCR – complete responder 
R – relapse  
TD – toxic death before CCR 




HHD – high hyperdiploid 
DS-ALL – down syndrome ALL 
ND: not determined 
NA: not available 
 




Table S2: sgRNA targeting sequences used for gene disruptions. 
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The identification of molecular determinants that regulate sensitivity to specific agents is essential for 
the development of new therapeutic approaches in cancer. We have earlier shown that a subset of 
refractory acute lymphoblastic leukaemia (ALL) samples respond to SMAC-mimetic induced IAP 
depletion by concurrently inducing RIP1-dependent apoptosis and necroptosis. Herein we show that 
this response correlates with the expression of TNF receptor 2 (TNFR2) in primary ALL. Using 
CRISPR/Cas9-mediated knockout of TNFR1 and 2 and in vivo selection with SMAC mimetics we 
show that TNFR1 and 2 are both functionally required for cell death. SMAC mimetics induced 
recruitment of RIP1 to TNFR1, which was abolished in cells deficient for TNFR2. Our data indicate 
that TNFR2 predicts sensitivity to SMAC mimetics and plays a key role in modulating a switch from 







Refractory and relapsed disease are major clinical challenges in the treatment of acute lymphoblastic 
leukaemia (ALL), the most common paediatric malignancy1,2. Deficient apoptosis induction in 
response to standard chemotherapies and even in response to novel targeted therapies is one of the 
leading causes of relapse in ALL3,4. Therefore, drugs that activate alternative cell death mechanisms 
independently of apoptosis, such as necroptosis, may serve as strategies for the treatment of high risk 
malignancies.  
Necroptosis is a recently discovered form of program cell death which exhibits morphological 
features distinct from apoptosis and is governed by independent molecular pathways5. RIP1 (receptor 
interacting protein kinase 1) is a central protein involved in the regulation of cell death by both 
apoptosis and necroptosis, as well as in survival and inflammation through the activation of NF-κB 
(nuclear factor kappa B) signalling6. After TNFα ligation, RIP1 is recruited to TNF receptor 1 
(TNFR1) together with the inhibitor of apoptosis proteins (IAPs) cIAP1 and 2 among others. When 
ubiquitinated by cIAP1 and 2, RIP1 maintains survival7. IAPs can be targeted using compounds called 
SMAC (second mitochondria derived activator of caspases) mimetics (SM), leading to the 
deubiquitination of RIP1 and the subsequent switch from pro-survival to pro-death signalling. 
Consequently, RIP1 has been shown to form different complexes and induce apoptosis or necroptosis 
depending on the cellular context8–11. TNFR2, a member from the same TNFR superfamily, is not 
considered a death receptor because it lacks a death domain, a feature required for the recruitment of 
key proteins involved in the initiation of death signalling such as FADD (Fas associated death 
domain) or RIP112.  However, TNFR2 has been shown to crosstalk with TNFR1 and potentiate cell 
death under certain conditions12–15, mostly through the degradation of TRAF2 (TNF receptor 
associated factor 2) and the consequent abrogation of pro-survival NF-κB signalling13,16–18.  
We previously described that the SM birinapant potently induces RIP1-dependent cell death in a 
subset of B-ALL patient-derived samples by concurrent apoptosis and necroptosis11.  However, the 
identification of molecular markers to preselect those patients with high likelihood to respond to SM 
still remains elusive. Here we show that the expression of TNFR2 correlates with and predicts the 
response of primary B-ALL to birinapant, and could be used to preselect responsive patients. We also 
show that TNFR2 can sensitize to TNFR1- and RIP1-mediated cell death. Furthermore, we used 
clustered regularly interspaced short palindromic repeats (CRISPR) to show that both TNFR1 and 
TNFR2 are required for SM sensitivity, and TNFR2 facilitates the recruitment of RIP1 to TNFR1 in 
response to birinapant. This represents a new role for TNFR2 in the regulation of RIP1-dependent cell 






TNFR2 expression correlates with the response to birinapant in B-ALL patient-derived cells 
We previously showed that the SM birinapant potently induces cell death by RIP1-dependent 
apoptosis and necroptosis in a significant proportion of patient-derived B-ALL samples, both in vitro 
and in vivo. However, the response to birinapant does not correlate with the protein levels of the 
molecular targets of birinapant (cIAP1, cIAP2 and XIAP), with RIP1, nor with its downstream 
apoptotic and necroptotic mediators (FADD, Caspase-8, RIP3, and MLKL (mixed lineage kinase 
domain like)). Additionally, the differences between responders and non-responders could not be 
explained by a differential expression of TNFα11.  
To find a molecular marker associated with the response to SM, we compared gene expression 
profiles of 6 samples with high (IC50≤100nM) and 11 with low sensitivity (IC50˃100nM) to SM19 
(Supplementary Table 1). The correlation of gene expression with the sensitivity to SM using IC50 
values for two SM, birinapant and LCL161, revealed TNFRSF1B, encoding TNFR2, and TNFRSF1A, 
encoding TNFR1, among the highest scoring genes (Fig. 1a,b and Supplementary Fig. 1a,g). Among 
the genes associated with low sensitivity to SM we identified TRAF6 (TNF receptor associated factor 
6), and ADAM17, encoding the TNF alpha converting enzyme (TACE) (Fig. 1a).  As shown earlier11, 
the expression of RIPK1 (encoding RIP1), RIPK3 (encoding RIP3), MLKL, FADD, or TNF did not 
correlate with the response to SM (Supplementary Fig. 1b-g).  
To validate those results, we performed quantitative PCR (qPCR) and confirmed the significantly 
higher expression of TNFR1 and TNFR2 in responders compared to non-responders (Fig. 1c,d). 
Although the difference in expression of TNFR1 in the two groups is significant, the variance is 
modest, making it a poor discriminatory marker (Fig. 1c and Supplementary Fig. 1a,g). Birinapant 
treatment in vitro had no significant effect on the expression of TNFR1 or TNFR2 (Fig. 1e). In 
contrast to TNFR1, TNFR2 expression showed a good correlation with SM response, with a wide 
variance in expression, which was confirmed by flow cytometry although the general levels are low 
(Fig. 1f,g and Supplementary Fig. 1g). These data show that the expression of TNFR2 correlates with 
the response to SM in a molecularly heterogeneous cohort of B-ALL patient-derived xenografts. 
TNFR2 expression predicts the response of primary B-ALL to birinapant 
We tested the predictive value of TNFR2 expression using an independent cohort of relapsed primary 
samples obtained from the BFM ALL-REZ trial. TNFR1 and TNFR2 expression were quantified by 
qPCR from peripheral blood samples of 96 B- and T-ALL cases with only samples with at least 85% 
of leukemic blasts in peripheral blood being included (44 B- and 7 T-ALL, Supplementary Table 2). 
From those, 10 B-ALL samples were selected according to their TNFR2 expression (Fig. 2a, 5 with 




blinded and screened for their response to increasing concentrations of birinapant using a co-culture 
model of the bone marrow microenvironment and automated quantification of live cells11,20. The 
primary samples with high TNFR2 expression showed significantly higher sensitivity to birinapant 
compared to samples with low TNFR2 expression (median IC50 of 37.4 nM vs 1310 nM, Fig. 2b,c). 
Corroborating these results, we could also observe a significant correlation between TNFR2 
expression and IC50 for this independent cohort (Pearson r -0.7071, p=0.0111) (Fig. 2d). To 
determine the cell death phenotype (i.e. apoptosis and/or necroptosis) induced by birinapant in these 
primary samples, we analysed the rescue in cell viability achieved by an apoptosis inhibitor (the pan-
caspase inhibitor zVAD-fmk), an inhibitor of RIP1 kinase activity (necrostatin-1, short Nec) or the 
combination of both. 3 out of 5 samples were rescued only with the combination of zVAD and Nec, 
indicating a mostly mixed phenotype of apoptosis and necroptosis upon birinapant treatment, one 
sample was mostly necroptotic and another one was sensitive to Nec (Fig. 2e). This mirrors a similar 
distribution to what we previously described11. Using these samples, we also confirmed the stability of 
TNFR2 expression after xenografting the primary blood samples (Supplementary Fig. 2a). These 
results indicate that the quantification of TNFR2 expression from leukemic blasts in B-ALL patients 
or derived xenografts could be used to predict the response to birinapant in vitro, suggesting a 
methodology to preselect responsive patients.  
TNFR2 expression sensitizes leukaemia cell lines to TNFα in a TNFR1- and RIP1-dependent 
manner 
TNFR2 has not classically been described as a death receptor, as it does not contain a death domain at 
its cytoplasmic part12. To understand the role of TNFR2 in birinapant-induced cell death we 
overexpressed either full length human TNFR2 (+TNFR2) (Fig. 3a) or the extracellular domain of 
TNFR2 (aa 1-257) fused to the intracellular domain of the human TRAILR3 (aa 157-269), which is 
not involved in cell death signalling (TNFR2-ED) (Fig. 3b) using lentiviral constructs21. The 
transduction of the leukaemia cell lines with these constructs resulted in a stable overexpression of 
TNFR2 or TNFR-ED and had no effect on the levels of TNFR1 as determined by flow cytometry 
(Fig. 3c,d and Supplementary Fig. 3a). As has previously been observed15,16,22, the overexpression of 
TNFR2 rendered ALL cells strikingly sensitive to TNFα, both in originally mildly TNFα-sensitive 
(Jurkat) or originally TNFα-resistant (Nalm6, 658) cell lines (Fig. 3e). Of note, +TNFR2 cells were 
not sensitized to birinapant treatment alone (Supplementary Fig. 3b). The sensitization to TNFα was 
dependent on the expression of TNFR1, since overexpression of TNFR2 in TNFR1 knockout cells 
(LC.TNFR1) generated by CRISPR-mediated genome editing did not sensitize to TNFα (Fig. 3f,g and 
Supplementary Fig. 3c,d).   
It has been previously reported that TNFR2 can increase TNFR1-mediated signalling by accumulating 




hypothesis we overexpressed TNFR2-ED (Fig. 3b) and analysed the cell viability in response to 
TNFα (Fig. 3h). We could not observe any sensitization, indicating that the external domain of 
TNFR2 is not sufficient to mediate TNFR1-dependent TNFα-induced cell death, discarding thus the 
hypothesis of a ligand passing effect.  
We have previously described that Jurkat cells undergo concurrent apoptosis and necroptosis in 
response to birinapant with TNFα (Bir+TNF), modelling the response of patient-derived B-ALL cells 
to birinapant11. To determine the death phenotype of +TNFR2 cells in response to TNFα, we co-
treated the cells with zVAD, Nec, or the combination of both. In agreement with the response to 
Bir+TNF described previously, Jurkat +TNFR2 cells showed a mixed death phenotype, while Nalm6 
and 658 were purely apoptotic (Fig. 3i). The induction of concurrent apoptosis and necroptosis in 
Jurkat cells suggests a potential role of RIP1 in the TNFR2-mediated response to TNFα. Indeed, 
knocking out RIP1 by CRISPR-mediated genome editing (LC.RIP1) rescued Jurkat, as well as Nalm6 
cells from TNFR2-mediated sensitization to TNFα, while 658 cells remained unaffected (Fig. 3j,k and 
Supplementary Fig. 3e). Taken together, these results support a role for TNFR2 in TNFR1- and RIP1-
dependent cell death and provide evidence for a functional role of TNFR2 expression in primary ALL 
samples for the sensitivity to SM.  
The TNFR2-mediated response to TNFα or birinapant is not due to differential NF-κB 
activation 
TNFR2 signalling can lead to the activation of the canonical and non-canonical NF-κB pathways, as 
well as to the inhibition of the canonical form through the degradation of TRAF213,14,24–26. In order to 
investigate if alterations in NF-κB activation underlie TNFR2-mediated death signalling, we 
performed time course experiments in WT and +TNFR2 cells and evaluated the activation of the non-
canonical (p100-p52) and canonical (phosphorylated p65) NF-κB markers. As expected, TNFα 
treatment lead to an increased degradation of TRAF2 in +TNFR2 cells compared to wild type. 
However, this had no major effect on the activation of p100 to p52 nor on the phosphorylation of p65. 
In contrast, treatment with the SM birinapant did not induce TRAF2 degradation in TNFR2+ cells, 
and only marginally activated non-canonical NF-kB signalling (Fig. 4a and Supplementary Fig. 4a). 
To confirm these findings in patient-derived cells, we performed time course experiments in SM-
responding and non-responding cases. We previously reported that the activation of the canonical NF-
κB does not correlate with the response to birinapant11. We now observed that there are no consistent 
differences in non-canonical NF-κB activation that could explain the differential sensitivity to 
birinapant (Fig. 4b). We also confirmed this by quantifying the expression levels of cIAP2, a known 
target gene of NF-κB, after birinapant treatment. We could not observe consistent differences between 




after treatment with birinapant in all 6 cases (Fig. 4b). These data show that the sensitizing role of 
TNFR2 to TNFα or birinapant cannot be explained by differential activation of NF-κB signalling. 
Birinapant treatment leads to the recruitment of RIP1 to TNFR1  
Since birinapant induces RIP1-dependent cell death and TNFR2 can sensitize to cell death through the 
TNFR1/RIP1 axis, we hypothesized that the recruitment of RIP1 to TNFR1 might be influenced by 
the different levels of TNFR2 in responders and non-responders. In order to study this, we 
overexpressed 3xFlag RIP1 (RIP1-Flag) (Supplementary Fig. 5a) in Jurkat RIP1-/- cells. 
Reconstitution of RIP1 expression in Jurkat RIP1-/- cells restored sensitivity to Bir+TNF 
(Supplementary Fig. 5b,c). Flag-directed immunoprecipitations (IP) revealed a strong interaction 
between TNFR1 and RIP1 after 10 minutes of treatment with Bir+TNF (Fig. 5a). We analysed this 
interaction in birinapant-responder patient-derived cells (R-03) by immunoprecipitating the 
endogenous TNFR1 at different time points after birinapant treatment. We observed a strong 
recruitment of RIP1 after 2 and 6 hours of treatment. Also, the cleaved fragment of RIP1, produced by 
the proteolytic activity of caspase-827, was present in this TNFR1-associated complex (Fig. 5b). 
Interestingly, we observed a decrease of the total TNFR1 after treatment, which could be rescued by 
the inhibitor of the TNF alpha converting enzyme (TACE) TAPI-0, indicating that the decrease was 
due to TNFR1 shedding (Supplementary Fig. 5d). We confirmed recruitment of RIP1 to TNFR1 upon 
birinapant treatment in two more SM-sensitive patient samples (Fig. 5d). In contrast, no recruitment 
of RIP1 to TNFR1 was detected in samples that did not respond to birinapant (Fig. 5c,d). Finally, we 
wanted to demonstrate the functional relevance of this recruitment and exclude that this was not 
simply a consequence of the differential cell death induced in responders and non-responders. 
Therefore, we used cells derived from R-03 (responder) with a quadruple knockout for the apoptotic 
and necroptotic genes FADD, Caspase-8, RIP3 and MLKL (QUADko), which are resistant to 
birinapant11. Birinapant induced RIP1 recruitment to TNFR1 in the QUADko similarly to the WT, 
indicating that this interaction is upstream of cell death. In contrast to this, TNFR1 shedding did not 
occur in QUADko, indicating this is a downstream consequence of cell death (Fig. 5e).  
Taken together, these data show that birinapant induces RIP1 recruitment to TNFR1 in SM-sensitive 
but not in SM-insensitive samples, and that this recruitment is not a consequence of cell death, but 
likely a cause.  
TNFR2 is necessary for the response to birinapant  
Considering the previous results, we wanted to definitively elucidate the functional importance of 
TNFR2 for the response to birinapant in patient-derived samples. For this we used a CRISPR-based in 
vivo selection approach as previously described11. In short, patient-derived ALL cells were transduced 
with lentiCRISPR targeting either TNFR1 (LC.TNFR1) or TNFR2 (LC.TNFR2) and expressing the 




immunodeficient NSG mice. The total engraftment (human CD45/CD19 double positive cells), as 
well as the percentage of mCherry or BPF positive cells were monitored weekly in the peripheral 
blood. After 30% human cells were detected, the mice were treated with birinapant daily. We could 
observe a selective outgrowth of the TNFR1 (Fig. 6a) and TNFR2 knockout cells (Fig. 6b and 
Supplementary Fig. 6a) under birinapant treatment, indicating that both TNFR1 and TNFR2 are 
necessary for the response to birinapant. Interestingly, both TNFR1 and TNFR2 knockout patient-
derived cells showed a steady engraftment in the absence of birinapant, indicating that B-ALL patient-
derived cells don’t depend on their signalling for proliferation (Fig. 6a,b). We collected TNFR1- and 
TNFR2-deficient cells after in vivo selection, expanded them in secondary xenografts without any 
further selection. Further corroborating a functional role for TNFR1 and 2 in the response to SM, both 
TNFR1- and TNFR2-deficient ALL cells did not respond to birinapant ex vivo (Fig. 6c). We could 
demonstrate the loss of both receptors in the respective xenografts by western blot (Fig. 6d). 
Similarly, we could confirm this functional importance of TNFR1 and TNFR2 for the response to SM 
in two more primary ALL samples (Fig. 6e-h and 6i-k). Of note, we could not detect any effect of 
TNFR2 knockout on the activation of the canonical and the non-canonical NF-κB pathways 
(Supplementary Fig. 6b-c). These results support a functionally relevant role for TNFR2, next to its 
predictive capacity, for the response to the SM birinapant.  
TNFR2 is necessary for RIP1 recruitment to TNFR1 in response to birinapant 
Based on the requirement of TNFR1, TNFR2 and RIP1 for the response to birinapant, and on 
increased recruitment of RIP1 to TNFR1 in responders compared to non-responders, we wanted to 
know if this effect was directly caused by TNFR2. We interrogated TNFR1 immunoprecipitates WT 
and +TNFR2 Jurkat cells at different time points after TNFα treatment. +TNFR2 Jurkat cells showed 
a faster and increased association of RIP1 and TNFR1 in response to TNFα treatment than WT (Fig. 
7a). Likewise, the recruitment of RIP1 to TNFR1 after birinapant treatment in SM-responsive patient-
derived cells was completely abolished in TNFR2ko cells, indicating that the presence of TNFR2 
determines the response to birinapant by modulating RIP1 recruitment to TNFR1 (Fig. 7b). In 
conclusion, we propose a model in which TNFR2 sensitizes to RIP1-dependent cell death by 
promoting its interaction with TNFR1, as underlying cause for its predictive value for the response to 
birinapant in primary B-ALL samples (Fig. 7c).  
Discussion 
The successful application of novel targeted therapies for cancer treatment requires the parallel 
discovery of predictive biomarkers in order to preselect the patients with the highest chance to benefit. 
Compounds from the SM family showed promising preclinical results against hematologic 
malignancies11,28–32. However, only subsets of patient samples responded, which remain still to be 




the response of primary cases in vitro. TNFR2 expression in ALL cell lines sensitizes to TNFα in a 
TNFR1- and RIP1-dependent manner. Furthermore, we used CRISPR/Cas9 gene editing in patient-
derived cells to show that both TNFR1 and TNFR2 are required for the response to SM. By 
immunoprecipitating the endogenous TNFR1 in patient-derived B-ALL we show that RIP1 is 
recruited to TNFR1 in response to SM only in SM-responders, and this recruitment is abolished in 
TNFR2ko as well as in non-responders.  
Quantification of TNFR2 expression could be used to pre-select patients for clinical trials and might 
improve their outcome. However, the detection of TNFR2 by FACS, a methodology easily applicable 
to routine ALL diagnostics, is low and establishing a threshold criteria to assign patients to TNFR2–
high or –low groups is difficult. Better antibodies or alternative detection methods would need to be 
established.  
While TNFR1 is expressed pleiotropically in all cells, the expression of TNFR2 is restricted to 
specific cell types, including immune cells such as B- and T-cell subsets33. This might explain the low 
single agent activity of SM against many solid tumours compared to hematologic malignancies. 
However, the correlation of TNFR2 expression with the response to SM, as well as its contribution to 
TNFR1- and RIP1-mediated cell death have yet to be explored in other cancer entities. 
Despite not being classified as a death receptor, TNFR2 has been implicated in the regulation of 
TNFα-induced cell death. Previous reports described a ligand passing effect, according to which 
TNFR2 could increase the concentration of TNFα at the cell surface and facilitate its interaction with 
TNFR123. Others also described a sensitizing effect of TNFR2 caused by its degradation of TRAF2 
and the inhibition of the TNFR1-induced canonical NF-κB pathway, which in turn lead to decreased 
transcription of anti-apoptotic proteins and increased TNFα-induced cell death13,16,17,34. Additionally, 
TNFR2 stimulation has been shown to increase TNFα production, leading to autocrine TNFα 
signalling and cell death15,18,35. We ruled out the possibility of a ligand passing effect in our system by 
overexpressing TNFR2-ED, and we did not observe any consistent differences in the activation of 
NF-κB that could explain the different sensitivity. Furthermore, we could not detect any differences in 
TNFα expression between responders and non-responders11.  
The use of CRISPR/Cas9 in patient-derived cells represents an exceptional tool to study signalling 
pathways in a clinically relevant model, and coupled with an in vivo selection approach it allows the 
discovery of molecules that are key for the response to a particular drug. Here we show that the 
presence of TNFR2 is required for the recruitment of RIP1 to TNFR1 upon birinapant treatment and 
is the cause for the differential response among patient-derived B-ALL samples. The effect of TNFR2 
on the recruitment of RIP1 to TNFR1 was also described by Chan et al., who observed that TNFR2 




recruitment of RIP1 to TNFR136. However, TNFR2 had not been implicated in the response to SM to 
date, indicating a novel role of TNFR2 in the regulation of cell death. 
The exact mechanism by which TNFR2 mediates the recruitment of RIP1 to TNFR1, and the 
mechanism by which the two receptors cooperate in the induction of cell death in response to SM still 
remain elusive and need to be further investigated. Understanding the detailed mechanism by which 
TNFR2 sensitizes to SM could provide insight into effective drug-combination strategies for high risk 
patients and could help establish biomarkers of SM response.  
 
Materials and Methods 
Gene expression profiles 
Gene expression profiles of patient-derived B-ALL samples were previously published19. In short, 
bone marrow or peripheral blood samples with more than 80% blasts were used. After RNA 
extraction and cDNA synthesis, spotted cDNA microarrays containing more than 43,000 features and 
representing around 30,000 genes were used (Stanford Functional Genomics Facility, Stanford, CA, 
USA). Gene expression profiles were correlated with responses (IC50) to Birinapant and LCL161 
using Pearson correlation. Joint correlation coefficients (JCC) were calculated from the sum of the 
Pearson coefficients; genes with significant (p < 0.05) correlation to IC50 were arranged as a function 
of decreasing JCC (top to bottom) and drug response IC50 values (left to right). All gene expression 
values are shown in a mean-centered and scaled heatmap (R package NMF_0.20.6). 
 
Quantitative real time PCR (qPCR) 
RNA was extracted using the RNAeasy® Mini Kit (Quiagen, Cat# 74106). Reverse transcription was 
performed with MultiScribe RT transcriptase (Life Technologies, Cat# 4311235). Real time PCR was 
performed with TaqMan® Gene Expression Master Mix (Applied Biosystems, Cat# 436916) and the 
following probes: TNFRSF1A (Cat# Hs01042313), TNFRSF1B (Cat# Hs00961749), MLKL (Cat# 
Hs04188508) and GAPDH (Cat# Hs02758991) from Life Technologies. PCR reaction was performed 
using a 7900HT Fast Real-Time PCR System (Applied Biosystems) and SDS 2.3 software. The 
quantification was performed in triplicates. 
Reagents and antibodies 
The following antibodies were used for western blot and/or IP: rabbit anti-TNFR1 (Cat# 3736), rabbit 
anti-TNFR2 (Cat# 3727), rabbit anti-cIAP2 (Cat# 3130), rabbit anti-TRAF2 (Cat# 4712), rabbit anti-
p100/p52 (Cat# 4842), rabbit anti-p65 (Cat# 4764), and rabbit anti-phospho-p65 (Cat#3033) were 




cIAP1 (Cat# MAB818) from R&D, mouse anti-Flag (Cat# F1804, M2 clone) form Sigma-Aldrich, 
goat anti-TNFR2 (Cat# AB-226-PB) from R&D, and mouse anti-tubulin (Cat#081M4861) from 
Sigma-Aldrich. Goat anti-mouse and goat anti-rabbit from Cell Signaling (Cat# 7076 and 7074), 
donkey anti-goat (Cat# sc-2020) from Santa Cruz, and easy Blot anti-Rabbit and anti-mouse (Cat# 
GTX221666-01, GTX221667-01) conjugated to horseradish peroxidase were used as secondary 
antibodies. SuperSignal® West Femto Maximum Sensitivity Substrate (Thermo Scientific, Cat# 
34096) was used for detection. For flow cytometry, TNFR1-APC (Cat# FAB225A) and TNFR2-PE 
(Cat# FAB226P) antibodies from R&D were used.  
Recombinant human TNFα was purchased from Gibco/Life Technologies (Cat# PHC3011), 
birinapant (TL32711) for in vitro studies was purchased from Selleckchem (Cat# S7015) and from 
ChemieTek, (Cat# CT-Biri) for in vivo studies , Z-VAD-FMK was purchased from APExBIO (Cat# 
A1902, used at a final concentration of 25 µM), Necrostatin-1s was purchased from BioVision (Cat# 
2263-1, used at a final concentration of 25 µM) and TAPI-0 (Cat# Ab141497) from Abcam. 
Cell culture 
Jurkat, Nalm6, patient-derived 658w cell lines and hTERT-immortalized primary bone marrow 
mesenchymal stromal cells (hTERT-MSC) were cultured in RPMI-1640 (Sigma-Aldrich, Cat# 
R0883) supplemented with 10% fetal bovine serum (Sigma-Aldrich), 0.5% L-glutamine (Bioconcept) 
and 0.5% penicillin-streptomycin (Life Technologies). The medium was also supplemented with 1 
µM Hydrocortisone (Sigma-Aldrich, Cat# H0888) for hTERT-MSCs. Cells were incubated at 37 ºC 
and 5% CO2. Co-culture experiments with xenograft-derived primary cells were performed serum-
free conditions in AIM-V® (Life Technologies, Cat# 12055-091). 
Viability assays 
Viability assays were performed as described previously11. For cell lines, 5000 cells were plated per 
well in 384-well plates and treated the following day as indicated. Cell viability was measured 48 
hours after treatment using CCK-8 viability assay (Cat# CK04-11, from Dojindo molecular 
technologies) and a Synergy HT microplate Reader (BioTek). For patient-derived ALL cells, 2500 
hTERT-MSC were plated in serum-free AIM-V medium (Cat# 12055-091, form Life Technologies). 
After 24 hours of incubation, 25000 ALL cells were added. The cells were treated the following day 
as indicated using HP D300 Digital Dispenser (Tecan). After 48 hours of treatment, live cells were 
stained with CyQUANT (Cat# C35012, from Life Technologies) and quantified using automated 






Immunoprecipitations and immunoblotting 
25 to 30 million cells were plated and treated as indicated in each case. The cells were collected, 
washed with cold PBS and lysed in RIPA buffer (150 mM NaCl, 20 mM Tris pH 7.5, 1% NP-40, 1 
mM EDTA pH 8.0, 0.1% SDS) containing protease inhibitors (Roche Cat# 11836153001). For 
TNFR1 IPs, 20 µl of lysate were kept for input control and 5ul of anti-TNFR1 antibody (cell 
signaling, Cat# 3736) were added to the rest. The lysates were incubated with the antibody at 4ºC 
overnight and afterwards incubated with Dynabeads protein G (Cat# 1004D, from Life Technologies) 
at room temperature for 4h. The beads were washed 3 times with RIPA buffer and the complex was 
eluted by adding 1x SDS loading buffer (62.5nM Trips pH 6.8, 1%SDS, 0.005% Bromophenol Blue, 
4% glycerol, 1% ß-mercaptoethanol) and boiling at 95ºC for 5 minutes.  
For the 3xFlag IPs, 50 µl of Dynabeads protein G were incubated with 8 µg of anti-Flag antibody in 
200ul PBS/0.02% tween for 20 min at room temperature. The lysates were then added to the beads 
and incubated for 4 hours at room temperature. The beads were washed 3 times with RIPA and eluted 
with 20 µl of 3xFlag peptide (Cat# F4799, Sigma-Aldrich) after incubating 20 minutes at room 
temperature. 10µ of 4xSDS were added and the samples were boiled at 95ºC for 5 minutes.  
For western blot, 3x105 cells were lysed in 1x SDS loading buffer. Cell lysates were separated by 
SDS-PAGE (Criterion™ XT Precast Gels, BIO-RAD, 4-12% Bis-Tris, Cat# 345-0125) and 
transferred onto nitrocellulose membranes (Trans-Blot Turbo transfer pack, BIO-RAD, Cat# 170-
4159). Membranes were blocked with 5% non-fat milk or 5% BSA in the case of cIAP2.  
Plasmids, constructs 
Multicolor lentiCRISPR constructs were generated as previously published11. Various sgRNA 
sequences were tested and the most efficient as determined by western blotting were used for further 
experiments. The sgRNAs used for TNFR1 and TNFR2 are listed below. The sgRNAs used for RIP1, 
RIP3, MLKL, caspase-8 and FADD are published11. 
TNFR1 CACTCCAATAATGCCGGTAC 
TNFR2 ACACACGGTGTCCGAGGTCT 
TNFR2 (alternative sgRNA) GGCATTTACACCCTACGCCC 
 
The overexpression plasmids for TNFR2, TNFR2-ED, RIP1-Flag and RIP1m-Flag were generated on 
the pRCDRMB-EF1-MCS-2A-Bleo backbone plasmid (a gift from Dr. Laura Lopez Garcia). IRES-
GFP was cloned into the EcoRI site using IRES-GFP fwd and rev primers and In-Fusion HD cloning 




To generate the TNFR2 plasmid, the sequence for Ig-Flag-TNFR2 was cloned from the Ps520 
plasmid obtained from Pascal Schneider21 into the NheI site in the MCS by In-Fusion HD cloning 
using Ig-Flag-TNFR2 fwd and rev primers. A similar strategy was used to clone the sequence for Ig-
TNFR2ED (1-257)-TRAILR3 (157-269) from the Ps1586 Plasmid obtained from Pascal Schneider21. 
In this case the primers used for infusion cloning were TNFR2-ED fwd and TRAILR3 rev. 
To generate the RIP1-Flag plasmid, the 3xFlag tag was introduced into the NheI site using Flag fwd 
and Flag rev primers and In-Fusion cloning. The RIP1 coding sequence was cloned by PCR from 
cDNA from a patient-derived sample (SR-21) using specific In-Fusion primers RIP1 fwd and RIP1 
rev. The PCR product was introduced into the XbaI site in the MCS by In-Fusion HD cloning. 
To generate the RIP1m-Flag plasmid, the IRES-GFP sequence from the RIP1-Flag plasmid was first 
switched for an IRES-BFP sequence. For this, the IRES-BFP sequence was cloned from the plasmid 
pCVL.SFFV.Kozak.HA.NLS.Y2Ani.IRES.BFP (gift from Andrew Scharenberg, Addgene plasmid # 
4557838) using specific In-Fusion primers IRES-BFP fwd and rev. The PCR product was then 
introduced into the RIP1-Flag plasmid after digestion with EcoRI (Cat# R0101S, New England 
Biolabs) by In-Fusion HD cloning. To generate the silent mutation in the PAM site of RIP1 targeted 
by the lentiCRISPR construct used, oligonucleotide-directed internal mutagenesis was performed with 
Phusion hotstart DNA polymerase (Cat# M0535S, New England Biolabs), DMSO and the primers 
RIP1mut fwd and rev. DpnI (Cat# R0176S, New England Biolabs) was added to the PCR product and 
incubated for 3h at 37ºC. The mutation was confirmed by sequencing.  
Primer Sequence 
IRES-GFP fwd TAGAGCTAGCGAATTCCCCCTCTCCCTCCCCCCC 
IRES-GFP rev ATTTAAATTCGAATTCTTACTTGTACAGCTCGTCCATGCCG 
Flag fwd CTACTCTAGAGCTAGCATGGACTACAAAGACCATGACGGTG 
Flag rev GGGGGAATTCGCTAGCTACTTGTCATCGTCATCCTTGTAATCG 
Ig-Flag-TNFR2 fwd CTACTCTAGAGCTAGCATGAACTTCGGGTTCAGCTTGA 
Ig-Flag-TNFR2 rev ATTCGAATTCGCTAGCTTAACTGGGCTTCATCCCAGCA 
TNFR2-ED fwd CTACTCTAGAGCTAGCATGGCGCCCGTCGCCGTCT 
TRAILR3 rev ATTCGAATTCGCTAGCTCAAACAAACACAATCAGAAGCAC 
RIP1 fwd CGGCGCCTACTCTAGAATGCAACCAGACATGTCCTTGA 
RIP1 rev CCATGCTAGCTCTAGAGTTCTGGCTGACGTAAATCAAGC 
IRES-BFP fwd TAGAGCTAGCGAATTCCCCCTCTCCCTCCCCCCC 
IRES-BFP rev ATTTAAATTCGAATTCTCAATTAAGCTTGTGCCCCAGT 
RIP1mut fwd TCTGCTGGGAAGCGAATCCAGAAGCTCGGCCGACATTTCC 





Transduction and in vivo CRISPR selection studies 
Lentivirus was produced transfecting 293T cells with psPAX2 (Addgene, #12260), p.CMV.VSV.G 
plasmid (Addgene, #8454), and each construct (lentiCRISPR, or the various overexpression 
constructs) using Polyethylenimin (PEI) transfection reagent (Sigma Aldrich, Cat# 408727). The cell 
supernatant was collected after 24h and added to the cells together with polybrene 8 µg/ml final 
concentration (Cat# H9268, Sigma Aldrich). For patient-derived cells, the supernatant containing the 
virus was concentrated 20x using PEG 6000 (Cat# 81253, Sigma Aldrich). 106 patient-derived ALL 
cells were incubated with the virus for 24 hours and washed 3 times with PBS before transplanting 
them intravenously into immunodeficient NOD/SCID/IL2rγnull (NSG) mice. Mice were bled weekly 
after xenotransplantation. After red blood cell lysis, the blood was stained with hCD19-PE-Cy7 
(Biolegend, Cat# 302208), hCD45-Alexa Fluor 647 (Biolegend, Cat# 304018) and mCD45-eFluor 
450 (eBioscience, Cat# 48-0451-82) and analysed by flow cytometry (performed in a FACS Canto II 
flow cytometer, BD Biosciences). For in vivo experiments birinapant was dissolved in 12% Captisol 
(Ligand Pharmaceuticals) with 0.1% Tris at pH 6.8. Birinapant was given daily by intraperitoneal 
injection at 30 mg/kg during the indicated periods. Animal samples sizes were chosen to minimize the 
number of animals used as inter-animal variation in leukemic engraftment was generally low. No 
animals were excluded from analysis. In vivo experiments were approved by the veterinary office of 
the Canton of Zurich.  
Human samples 
Xenografts were obtained from primary human ALL samples recovered from cryopreserved bone 
marrow aspirates or peripheral blood samples of patients enrolled in the ALL-BFM 2000, ALL-BFM 
2009, and ALL-REZ-BFM 2002 studies. Informed consent was given in accordance with the 
Declaration of Helsinki, and approval was granted by the Ethics Commission of the Kanton Zürich 
(approval no. 2014-0383). Samples were classified as standard risk, medium risk, high risk, very high 
risk, morphological non-responders, or relapse samples according to the clinical criteria used in the 
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Figure legends  
Figure 1 Identification of TNFR2 as a marker of SM-responsive B-ALL. (a) Gene expression profiles 
for 17 patient-derived B-ALL samples and joint correlation coefficients calculated from the sum of 
Pearson coefficients for each gene with the IC50 for birinapant and LCL161 (see Materials and 
Methods). Only genes with significant (p < 0.05) correlation are shown. All gene expression values 
are shown in a mean-centered and scaled heatmap. (b) Expression of TNFRSF1B (encoding TNFR2) 
in the 17 cases. (c,d) Expression of TNFR1 and TNFR2 in 12 responsive (IC50≤100 nM) and 22 non-
responsive (IC50˃100 nM) patient-derived B-ALL cases as quantified by qPCR. n=1 experiment in 
triplicates for the indicated number of samples. (e) Expression of TNFR1 and TNFR2 in 16 and 15 
cases respectively before and after treatment with birinapant (50 nM) for 6h. n=1 experiment in 
triplicates for the indicated number of samples. (f,g) Histograms (f) and quantification (g) of TNFR2 
levels by flow cytometry in 8 responders and 11 non-responders. n=1 experiment for 19 samples.  For 
quantifications in c, d, e, and g, data representing mean±s.e.m. (standard error of the mean) were 
derived from the indicated number of measurements. 
 
Figure 2 TNFR2 expression predicts the response to birinapant in an independent cohort. (a) 
Expression of TNFR1 and TNFR2 was quantified by qPCR for 44 B-ALL and 7 T-ALL peripheral 
blood samples with ≥ 85% leukemic blasts. n=1 experiment for 51 samples. Measurements were 
performed at least in duplicates. (b-d) 5 samples with the highest (in blue) and 5 samples with lowest 
(in red) TNFR2 expression were blinded and screened for the response to birinapant in vitro. n=1 




with the expression levels for the 10 screened cases. (e) Cells were co-treated with an apoptosis 
inhibitor (+zVAD, 25 µM), the RIPK1 kinase inhibitor necrostatin-1 (+Nec, 25 µM), and the 
combination (+Nec+zVAD). The cell death phenotype is determined by the rescue achieved by each 
inhibitor or the combination at the IC50 concentration. Necroptotic cases are rescued by Nec alone, 
mixed phenotype cases are rescued only by the combination of both inhibitors, and Nec sensitive 
cases undergo cell death in response to necrostatin alone. n=1 experiment for 5 samples in triplicate. 
In all cases the percentage of live cells was determined after 48 h treatment using an established drug-
screening platform in co-culture conditions representative of the bone marrow microenvironment, 
automated microscopy, and machine learning software20, 37. For all quantifications, data represent 
mean±s.e.m. and were derived from one experiment in triplicates for 10 primary samples. 
 
Figure 3 TNFR2 expression sensitizes to TNFα in a TNFR1- and RIPK1-dependent manner. (a,b) 
Overexpression constructs for full length TNFR2 (a) and TNFR2-ED (b). (c,d) FACS quantification 
of TNFR2 (c) and TNFR2-ED (d) in Jurkat, Nalm6, and 658 ALL cell lines. (e,f) % viability in 
response to increasing concentrations of TNFα after overexpression of TNFR2 (+TNFR2) in WT (e) 
and TNFR1 knockout (LC.TNFR1) cell lines (f). n=3 independent experiments. (g) Western blot for 
LC.TNFR1±TNFR2 in Jurkat, Nalm6, and 658 cell lines. LentiCRISPR targeting TNFR1 produced a 
smaller non-functional protein, indicated with an arrow. Phenotypic testing of LC.TNFR1 cells is 
shown in Supplementary figure 3d. (h) % viability in response to increasing concentrations of TNFα 
in WT and +TNFR2-ED cell lines. n=3 independent experiments. (i) % viability in response to 
increasing concentrations of TNFα co-treated with zVAD (25 µM), Nec (25 µM), or both. n=3 
independent experiments (j) Western blot for TNFR2 overexpression in RIP1 knockout (LC.RIP1) 
ALL cell lines. (k) % viability in response to increasing concentrations of TNFα after expression of 
+TNFR2 in LC.RIP1 ALL cell lines. n=3 independent experiments. For all viability measurements the 
cells were treated for 48 h. For all quantifications, data representing mean±s.e.m. were derived from 
the indicated number of independent experiments. 
 
Figure 4 Effect of TNFR2 in the activation of NF-κB signalling in response to TNF and birinapant. 
(a) Western blot for canonical and non-canonical NF-κB markers after 0, 0.5, 6, 10, and 25 hours of 
treatment with TNF (10ng/ml) or birinapant (50 nM) in Jurkat WT or +TNFR2 cells. Western blot 
representative of n=2 independent experiments. (b) Western blot for non-canonical NFkB markers 
after 0, 10 min, 30 min, 1 h, 2h, and 6h, of treatment with birinapant (50 nM) in responsive and non-
responsive patient-derived ALL cells. n=1 for 6 patient-derived samples. * indicates non-specific 
background from stripping the membrane. 
 
Figure 5 Birinapant treatment leads to recruitment of RIPK1 to TNFR1 in SM-responders. (a) Flag 




points of treatment with birinapant (500 nM) and TNF (10 ng/ml). The left panel shows the lysates 
and the right panel the IP. (b) IP of endogenous TNFR1 in R-03 patient-derived cells (birinapant 
IC50=0.39 nM) after treatment with birinapant. (c,d) IP of endogenous TNFR1 in birinapant non-
responsive (VHR-01, VHR-06, VHR-15) and responsive (VHR-10, SR-13) patient-derived cells after 
treatment with birinapant (5 0nM). * indicates signal from IgG bands. (f) IP of endogenous TNFR1 in 
R-03 WT and QUADko (quadruple knockout for FADD, caspase-8, RIP3, and MLKL)11. For b-f, 
cells were treated with 50 nM birinapant for 0, 2, and 6 h. All data shown are from one experiment 
that is representative of two (c-e) or three (a,b) independent experiments. 
 
Figure 6 CRISPR in vivo selection reveals that TNFR1 and 2 are necessary for the response to 
birinapant. (a,b) % of human engraftment (hCD45/hCD19 positive, in black), and % of LC.TNFR1 
mCherry positive cells (red) (a,e,i) or LC.TNFR2 BFP positive cells (blue) (b,f,j) over the total 
engraftment of R-03, SR-13, and VHR-01 patient-derived cells as quantified by FACS from 
peripheral blood. Birinapant treatment 30 mg/kg was given intraperitoneally daily. Arrow indicates 
the start of treatment. n=1. (c,g,k) Drug response curves for LC.TNFR1 (red) and LC.TNFR2 (blue) 
cells after treatment with increasing concentrations of birinapant for 48 h. n=3 independent 
experiments. (d,h) Western blot performed with the ALL cells extracted from the spleen and re-
engrafted without treatment to confirm the loss of TNFR1 and TNFR2 respectively. For all drug 
response curves (c,g,k) the percentage of live cells was determined using an established drug-
screening platform in co-culture conditions representative of the bone marrow microenvironment, 
automated microscopy, and machine learning software20,37. For all quantifications, data representing 
mean±s.e.m. were derived from the indicated number of independent experiments. 
 
Figure 7 TNFR2 facilitates the recruitment of RIP1 to TNFR1. (a) IP of endogenous TNFR1 in WT 
and +TNFR2 Jurkat cells after treatment with TNF (10 ng/ml) for different time points. Left panel 
shows the lysates and right panel the IP. Data from one experiment representative of n=3 independent 
experiments. (b) IP of endogenous TNFR1 in WT and LC.TNFR2 R-03 patient-derived cells after 
treatment with birinapant (50 nM) for increasing time points. Data from one experiment 
representative of n=3 independent experiments. (c) Proposed model for the role of TNFR2 in 




















































Supplementary Figure 1 
 
Supplementary figure 1 Genes involved in the TNFR1-RIP1 death axis don’t correlate with the 
response to birinapant. (a-f) Gene expression and IC50 in response to birinapant for 17 patient-
derived B-ALL. (g) Pearson correlation, variance, and total correlation of gene expression with IC50 





Supplementary Figure 2 
 
Supplementary Figure 2 TNFR2 expression in primary B-ALL is maintained in xenografts. (a) 8 
peripheral blood samples from B-ALL patients from the BFM ALL-REZ trial were xenografted in 
immunodeficient NSG mice. TNFR2 expression was quantified by qPCR in the original primary 
sample and in the leukemic cells obtained after Xenografting. n=1 experiment in triplicates for 8 






Supplementary figure 3 
 
Supplementary figure 3 Expression of TNFR2 in ALL cell lines. (a) TNFR1levels by flow 
cytometry in WT and +TNFR2 cell lines. (b) Viability of WT and +TNFR2 cell lines in response to 
increasing concentrations of birinapant. n=3 independent experiments. (c) TNFR2 levels by flow 
cytometry in LC.TNFR1 ± TNFR2 cell lines compared to WT and +TNFR2. (d) Viability of WT and 
LC.TNFR1 Jurkat cells in response to birinapant (50 nM) and TNF (10 ng/ml) (Bir+TNF). n=3 
independent experiments. (e) TNFR2 levels by flow cytometry in LC.RIP1± TNFR2 cell lines 
compared to WT and +TNFR2. For all quantifications, data representing mean±s.e.m. (standard error 






Supplementary Figure 4 
 
Supplementary figure 4 Effect of TNFR2 in NFkB activation. (a) Western blot for canonical and 
non-canonical NF-κB markers after 0, 0.5, 6, 10, and 25 hours of treatment with TNF (10ng/ml) or 
birinapant (50 nM) in 658 WT or +TNFR2 cells. n=1 Arrow indicates the specific cIAP2 band. (b) 
Increase in cIAP2 expression in birinapant responders and non-responders after treatment with 
birinapant (50 nM) for 6 h. n=1 experiment in triplicates for 10 patient-derived samples. Data 





Supplementary Figure 5 
 
Supplementary figure 5 RIP1 reconstitution and TNFR1 shedding. (a) Representation of the 
construct to reconstitute 3x Flag-tagged RIP1 (RIP1-Flag). (b) Western blot of RIP1-Flag 
overexpression in WT and reconstitution in RIP1-/- Jurkat cells. (c) Viability for WT, RIP1-/-, and 
RIP1-/- + RIP1 (reconstituted) Jurkat cells in response to treatment with TNF (10 ng/ml) and 
increasing concentration of birinapant. Viability was measured after 48h treatment. n=3 independent 
experiments. Data indicate mean±s.e.m. (d) Western blot in birinapant responder R-03 patient-derived 
sample pre-treated for 2 h with increasing concentrations of the TACE inhibitor TAPI-0  and treated 





Supplementary Figure 6 
 
Supplementary figure 6 TNFR2 is necessary for the response to birinapant independently of NF-κB 
signalling. (a) % of human engraftment (hCD45/hCD19 positive, in black), and % of LC.TNFR2 
(with an alternative sgRNA) EGFP positive cells (green) over the total engraftment of R-03 patient-
derived cells as quantified by FACS from peripheral blood. Birinapant treatment 30 mg/kg was given 
intraperitoneally daily. Arrow indicates the start of treatment. n=1. (b,c,) Western blot for canonical 
and non-canonical NF-κB markers in WT and TNFR2 knockout patient-derived cells after treatment 
with birinapant (50 nM) for the indicated time points. n=1 experiment for each patient-derived 
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